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ABSTRACT
Mutagenesis Induced by the Tumor Microenvironment - Implications of Increased DNA
Damage and Diminished DNA Repair
May 2002

Tumors are characterized by microenvironmental heterogeneity, with regions of
hypoxia, low pH, and nutrient deprivation. It has been proposed that such conditions
may be an important factor contributing to cancer genetic instability.

Using a

chromosomally based lambda phage shuttle vector as a mutation reporter, we show that
growth of cells in hypoxia and/or at low pH results in elevated mutation frequencies in
two different reporter genes.

To elucidate the m echanism o f the tumor

microenvironment-induced genetic instability, we first measured the production of DNA
damage upon hypoxia and re-oxygenation in culture.

We found that under such

conditions, the intracellular level of a premutagenic lesion, 8-oxo-dG, was increased by
2- to 3- fold, consistent with the frequent G to T transversions observed among the
hypoxia-induced mutation spectrum.

We next examined the effect of the tumor

microenvironment on two important cellular DNA repair pathways, i.e., the nucleotide
excision repair (NER) and the mismatch repair (MMR) pathways. Using an assay for
repair based on host cell reactivation of UV-damaged plasmid DNA, cells exposed to
hypoxia and low pH were found to have a diminished capacity for DNA NER compared
to control cells grown under standard conditions. Furthermore, the expression of the
MMR gene, M lhl, was specifically reduced under hypoxia, along with secondary
decrease in Pms2 protein. On a functional level, instability o f simple dinucleotide
repeats, a hallmark of MMR deficiency, was detected in hypoxic cells. Taken together,
our work suggests that the tumor microenvironment may lead to conditions that either
cause DNA damage or compromise DNA repair processes, and consequently contribute
to mutagenesis and genomic instability. This may constitute a fundamental mechanism
of tumor progression in vivo.

i

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Mutagenesis Induced by the Tumor Microenvironment - Implications of Increased DNA
Damage and Diminished DNA Repair

A Dissertation
Presented to the Faculty of the Graduate School
of
Yale University
In Candidacy for the Degree of
Doctor of Philosophy

By
Jianling Yuan

Dissertation Director: Peter M Glazer

May 2002

ii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

© 2002 by Jianling Yuan
All rights reserved.

iii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Table of Contents

Section________________________________________________ Page
Part I: Introduction
Chapter 1:

General Review of the Tumor Microenvironment

2

Chapter 2:

Linking Tumor Microenvironment to Genetic Instability

19

Part II: Mutagenesis Study
Chapter 3:

Analysis of Mutations Induced by Hypoxia and Low pH
Using the Lambda Shuttle Vector System

37

Part III: Mechanistic Study
Chapter 4:

DNA Damage Induced by Hypoxia

68

Chapter 5:

Diminished Nucleotide Excision Repair and Elevated
Mutagenesis in Cells Exposed to Hypoxia and Low pH

87

Chapter 6:

Downregulation of Mismatch Repair Genes in Cells
Transiently Exposed to Hypoxia

111

147

Bibliography

iv

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Table of Illustrations

Illustration

page

Chapter 2
Fig. I
Fig. 2

Experimental protocol used by Reynolds et al. to examine mutagenesis
in the tumor microenvironment.
Mutation frequencies of the supF gene detected in the AsupF vectors
rescued from the LN12 cells grown as tumors versus grown in culture.

32
34

Chapter 3
Table I Frequencies of the e ll mutations induced by hypoxia and/or low pH in
Big Blue fibroblasts.
Table 2 Spectrum of independent base substitution mutations induced by
hypoxia and/or low pH in the ell gene in BB cells.
Table 3 Frameshift mutations induced by hypoxia and/or low pH in the e ll gene
in BB cells.

53

Fig. 1 Schematic diagrams of the A. shuttle vectors used in the mutagenesis
assay. (A) XsupFGl shuttle vector; (B) XLIZ shuttle vector.
Fig. 2 Sequences of the e ll base substitution mutations in the Big Blue
fibroblasts grown under (A) normoxia at pH 7.4; (B) normoxia at pH
6.5; (C) hypoxia at pH 7.4; and (D) hypoxia at pH 6.5.
Fig. 3 Frequencies of the supFGl mutations in 3340 cells exposed to hypoxia
alone or hypoxia at pH 6.5.
Fig. 4 Spectra of the supFGl mutations in 3340 cells treated with hypoxia
alone or hypoxia at pH 6.5.

56

54
55

58

63
65

Chapter 4
Fig. 1

Measurement of 8-oxo-dG in cells transiently exposed to hypoxia/
reoxygenation. (A) LN12 cells; (B) 3340 cells.

v

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

81

Illustration

page

Fig.2

Flow cytometric analysis of 3340 cells labeled with fluorescein-dUTP
at DNA breakpoints.
Fig. 3 Analysis of apoptosis in 3340 cells exposed to transient hypoxia.

83
85

Chapter 5
Table I Types of UV-induced base substitution mutations in the supFGl gene
in 3340 cells.

101

Fig. 1 Reactivation of UV-damaged luciferase expression plasmid in 3340
mouse fibroblasts (A) and RCneo human cells (B) under standard
culture conditions or hypoxic and low pH conditions.
Fig. 2 Immunoblot analysis of XPA in 3340 cells grown under hypoxia and
low pH.
Fig. 3 Frequencies of UV-induced mutations in the supFGl reporter gene in
3340 cells exposed to hypoxia and low pH.
Fig. 4 Spectra of UV-induced supFGl reporter gene mutations in (A) cells
grown in normoxic conditions at pH 7.4 and (B) cells grown under
hypoxia at pH 6.5.

102

105
107
109

Chapter 6
Table 1 Frequencies of P-galactosidase gene reversion in cells grown in standard
conditions or under hypoxia.

132

Fig. 1
Fig. 2
Fig. 3
Fig. 4

133
135
137
139

Fig. 5
Fig. 6
Fig. 7

Schematic diagram of the pCAR (OF) reporter construct.
Immunoblot analysis of MMR proteins in Hela cells exposed to hypoxia.
Immunoblot analysis o f MMR proteins in 3340 cells exposed to hypoxia.
Northern blot analysis of MLH1 and PMS2 mRNA expression in cells
exposed to hypoxia.
Effect of DFX on MMR protein expression in Hela and 3340 cells.
Effect of DFX on MLH1 and PMS2 mRNA expression in 3340 cells.
^-galactosidase activity in Hela cells grown under normoxic or hypoxic
conditions.

vi

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

141
143
145

Acknowledgements

I would like to express my deepest gratitude to my advisor Prof. Peter M. Glazer.
Over the years he has taught me a lot of beautiful biology and guided me into the
excitement of discovery. It is his incredible insight and constant encouragement which
made the completion of this work possible. I feel extremely fortunate to study with him.
I am very grateful to my committee members, Prof. Sweasy, Prof. Rockwell, Prof.
Snyder, and Prof. Perkins, who have showed great interest in my thesis work and
provided many helpful suggestions. I would also like to thank Prof. Andrews at U.
Alberta for her patience in reading my thesis.
I would like to thank Dr. Thierry Douki and Dr. Jean Cadet at Laboratoire des
Lesions des acides nucleiques, France, for their help with the HPLC analysis.
I wish to thank my friend and a fellow MD/PhD student, Ranjit Bindra with
whom I had a pleasant and fruitful collaboration. Many results in Chapter 6 are joint
work with him. 1 am also happy to thank former and current members of the Glazer lab,
Toni Reynolds, Latha Naryanan, Margaret Macris, Denise Campisi, Ryan Jensen, Faye
Rogers, Melissa Knauert, Shannon Gibson, Jean Kuan, Valia Mihaylova, Karen Vasquez,
Shani Peretz, Linda Gorman, Susan Xu, Fawad Faruqi and Phil Chan for their friendship
and encouragement.
I wish to express my heartfelt gratitude to my parents and my husband TJ. Words
cannnot describe how much they care about me. Last but not the least, I am grateful to
my little angel Rebecca, whose arrival has made the last months of my thesis work so
much more enjoyable.

vii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Part I
Introduction

1

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Chapter 1

General Review o f the Tum or M icroenvironment
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Abstract
Normal tissues are supported by an organized network of blood vessels. Solid
tumors, on the other hand, are equipped with a chaotic and inadequate vascular system.
As a result, the environment surrounding a tumor is exceedingly heterogeneous and is
characterized by regions of chronic and transient hypoxia, low pH, and nutrient
deprivation. These microenvironmental conditions have been shown to dramatically
influence cellular metabolism and physiology, affecting processes such as DNA
synthesis, gene expression and cell cycle progression. Clinically, they pose a significant
impact on tumor response to radiation therapy and other treatm ent modalities.
Furthermore, the tumor microenvironment has also been implicated in mediating distant
metastasis and in promoting malignant progression.
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The Unique Microenvironment within Solid Tumors
Solid tumors make up the majority of human cancers. The formation of a tumor
mass from a single transformed cell is a highly complex process. One requirement
critical for successful tumor growth is the development of its own blood supply.
However, angiogenesis within a growing tumor is not tightly regulated, and the resulting
blood vessels often have abnormal structures and functions (reviewed in (Rockwell and
Knisely, 1997)). They are typically tortuous and leaky, possessing multiple arterial
venous shunts and blind ends, and lacking smooth muscle and nerves. Consequently,
perfusion within a tumor is inadequate and chaotic, resulting in poor delivery of oxygen
and nutrients as well as inefficient removal of its metabolic wastes. This constitutes the
basis for a unique microenvironment found within solid tumors, which is characterized
by regions of low oxygen tension, low pH and nutrient deprivation.

H yp o xia
Two types of hypoxia can occur within tumors. Diffusion-limited or chronic
hypoxia develops in areas where the distance to the nearest functional blood vessels
exceeds the diffusion distance of oxygen (~ 100pm) (Secomb et al., 1995; Vaupel et al.,
1989).

Acute hypoxia occurs secondary to transient occlusion of blood vessels or

temporal fluctuation in flow rate (Chaplin et al., 1987; Kimura et al., 1996). Over the
years, a variety of invasive and noninvasive techniques have been developed to measure
oxygen tensions in the tumor in vivo, and the presence of hypoxic regions in solid tumors
has been unequivocally documented.

W hereas normal tissues have oxygen

concentrations in the range of 40-60 mmHg, median p 0 2values of less than 10 mmHg
have been observed in brain tumors, cervix cancers, breast cancers, soft tissue sarcomas,
and many other solid tumors (Brown, 1999; Vaupel and Hockel, 1995). It is also clear
that hypoxia develops very early in the growth o f a tumor, and that it is independent of

4
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the tumor growth rate, the degree of differentiation, or its metastatic potential (Hockel et
al., 1996; Moulder and Rockwell, 1987).

Low pH
Many tumors have a high rate of glycolysis, a phenomenon known as the
Warburg effect (Warburg, 1930). This occurs not only in poorly perfused areas but also
in regions that are relatively well oxygenated (Stubbs et al., 2000). Clearly, when cells
are deprived of oxygen supply, their energy metabolism is forced to switch from
oxidative phosphorylation to anaerobic glycolysis.

However, even when oxygen is

abundant, most tumors still tend to derive energy partly through the anaerobic breakdown
of glucose. The net result of enhanced glycolysis is an accumulation of lactic acid and an
increased rate of ATP hydrolysis (Busa and Nuccitelli, 1984). This results in an acidic
extracellular environment within tumor tissues, with a median pH value 0.5 unit below
that of the surrounding normal tissues. Regions with a pH as low as 5.8-6.0 have even
been found (Tannock and Rotin, 1989; Wike-Hooley et al., 1984).

Nutrient Deprivation
The tumor mircroenvironment is also characterized by a general deprivation of
nutrients (Vaupel et al., 1989). Studies have shown that uptake o f glucose and ketone
bodies is primarily determined by nutritive blood flow (Kallinowski et al., 1988).
Therefore, the chaotic vasculature associated with solid tumors can severely limit their
tissues from acquiring an adequate supply of energy sources, macromolecular building
blocks, and growth factors. Indeed, the bioluminescence metabolic imaging technique
has demonstrated that there is a heterogeneous distribution of glucose in tumor xenografts
as compared with normal tissues — extended areas with very low concentrations of
glucose were apparent within the tumors (Kallinowski et al., 1988; Vaupel et al., 1989).

5
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Cellular Metabolic Responses to the Tumor Microenvironment

Energy Currency

- -

ATP

The adverse nature of the tumor microenvironment leads to various cellular
metabolic changes. In vitro studies showed that initiation of hypoxia led to a rapid
decrease in cellular ATP level (Gillies et al., 1982). When cells were also exposed to low
pH, the decline in ATP was even more dramatic (Rotin et al., 1986). Such an effect was
likely due to acidic inactivation of phosphofructokinase, a key regulatory enzyme of the
glycolytic pathway, thereby inhibiting glucose consumption and subsequent ATP
production (Wilhelm et al., 1972). Consistent with these in vitro findings, the average
concentration of ATP in tumors in vivo was found to be substantially lower than that in
normal tissues (Vaupel et al., 1989).

Synthesis o f Macromolecules
Perhaps as a means to cope with metabolic constraints, cells challenged with
conditions of the tumor m icroenvironm ent exhibit a reduced synthesis o f
macromolecules. It has been shown that hypoxia not only causes a decrease in overall
cellular protein synthesis (Heacock and Sutherland, 1986; Pettersen et al., 1986), but also
an increase in protein degradation (Pettersen et al., 1986). A slightly increased rate of
protein degradation has also been observed in cells grown in medium with a low serum
content (Ronning and Lindmo, 1983).
Hypoxia not only interferes with protein metabolism, but it is also associated with
a decrease in DNA synthesis (Brischwein et al., 1997; Graeber et al., 1994). The kinetics
and mechanisms of such a decrease were largely determined by Probst et al. (Probst et
al., 1999; Probst et al., 1988). They found that when exposed to hypoxia, cells failed to
initiate new replicons. This was a rather rapid response and could be seen in several cell
lines (Probst et al., 1988). However, the progression rates from those already active

6
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replication forks seemed to vary among cell lines. While some cells slowed down the
fork progression, others were able to continue chain elongation and termination at a
normal rate (Probst et al., 1999).
Upon reaeration, cells are able to quickly resume synthesis o f both protein and
DNA; protein degradation also returns back to the control level (Graeber et al., 1994;
Kraggerud et al., 1995; Pettersen et al., 1986).

Cell Cycle Arrest
A common cellular response to many environmental stresses is the induction of
reversible growth arrest. Like exposure to ionizing radiation, exposure of many cell
types to low oxygen tension often results in the activation of the G 1-phase cell cycle
checkpoint (Graeber et al., 1994; Pettersen and Lindmo, 1983). It is hypothesized that
the G1 phase arrest serves to protect cells from proceeding to S phase when they are most
sensitive to killing by hypoxia (Amellem and Pettersen, 1993; Amellem and Pettersen,
1991; Spiro et al., 1984). Cells in other phases of the cell cycle, including late-S, G2 and
mitosis, however, seem to be able to continue through cell cycle progression and divide
(Amellem and Pettersen, 1991).
The cell cycle regulatory protein, p53, is induced by hypoxia (Graeber et al.,
1994). The induced protein was found to accumulate in the nucleus and has an increased
DNA binding activity. However, the relationship between p53 induction and growth
arrest is unclear, since p53-mutant cells also appeared to accumulate in the G l phase.
Therefore, cell cycle checkpoint activation during hypoxia may occur via a p53independent and p53-dependent pathways.
In addition to hypoxia, low pH (Wike-Hooley et al., 1984) and low nutrients
(Shim et al., 1998) are also able to cause growth arrest in some cells. Interestingly, p21
was induced in a p53-dependent manner in a human glioblastoma cell line grown in low

7
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pH media, although in that particular study, p21 -mediated G1 arrest was not observed
(Ohtsubo et al., 1997).

Apoptosis and Necrosis
Cell death induced by hypoxia in solid tumors was classically believed to be
necrotic in nature. It is now widely accepted that apoptosis is another mechanism of cell
killing in response to the adverse microenvironment. Colocolization of hypoxic and
apoptotic cells has been observed in several tumor xenograft models (Graeber et al.,
1996; Koch et al., 1998). The relative proportion of necrotic vs. apoptotic cells is highly
dependent on cell types (Shimizu et al., 1996).
Whereas cells in all phases of the cell cycle may be susceptible to hypoxiainduced apoptosis, cells exposed to hypoxia during S phase are the most sensitive
(Amellem and Pettersen, 1993; Amellem and Pettersen, 1991; Spiro et al., 1984).
However, some cells are able to survive under extreme hypoxia for a considerable
amount of time (Pettersen and Lindmo, 1983; Shrieve et al., 1983). The susceptibility of
a particular cell to apoptosis seems to be strongly influenced by its genetic composition.
For example, overexpression of bcl-2 was found to substantially reduce apoptosis under
conditions of hypoxia (Graeber et al., 1996). Loss of p53 can also confer resistance to
hypoxia-mediated cell killing (Graeber et al., 1996). Intriguingly, those cells with a
•

diminished apoptotic potential, in turn, were selected for by the hypoxic conditions. This
interplay between exogenous environmental stress and endogenous genetic makeup of the
cell was elegantly demonstrated by Graeber et al.. They mixed two isogenic populations
of rat embryonic fibroblasts which differed only with regard to their p53 genotypes, and
hence their apoptotic potential. They found that after just seven rounds of hypoxic
exposure, the initial 0.1% p53 -/- cells had completely outgrown the p53 +/+ cells.
Furthermore, tumors initiated by these cells contained considerably fewer apoptotic cells
in hypoxic regions as compared to p53 wildtype tumors. These studies demonstrate that
8
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hypoxic stress may provide a selective pressure favoring the expansion of cells with a
defective apoptotic response.
Tumor microenvironmental stresses other than hypoxia may also contribute to cell
death. Glucose deprivation was found to be a particularly potent inducer o f apoptosis in
transformed cells that depend on glucose as a major energy source (Shim et al., 1998). A
low extracellular pH was also found to potentiate cytotoxicity conferred by hypoxia
(Rotin et al., 1986; Schmaltz et al., 1998).

Remarks
Most of the results described above were obtained from in vitro studies using
tissue culture conditions to mimic those found in tumors. These investigations greatly
facilitated our understanding of the metabolic responses invoked by the environmental
stress. It should be noted, however, such uniform and defined in vitro conditions do not
precisely depict the exceedingly heterogeneous microenvironment seen in vivo, which not
only vary spatially but also temporally. In addition, there is a tremendous variability
among individual tumors of the same line. Therefore, care should be exercised in
extrapolating these in vitro findings.

Gene Expression Regulated by the Tumor Microenvironment

To survive the profoundly hostile environment, tumor cells upreguiate the
expression of certain genes as an adaptive mechanism. In fact, the various stresses found
within the tumor microenvironment may themselves act as strong stimuli o f gene
expression.

9

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Target Genes o f Hypoxia
The cellular response to low oxygen tension has been most extensively
characterized and a large number of genes are found to be activated by hypoxia. These
gene products can be roughly categorized into five classes based on their physiologic
functions (reviewed in (Sutherland, 1998)). They include:
1) Glycolytic enzymes — The induction of these enzymes facilitate the anaerobic
breakdown of glucose when oxygen is insufficient or unavailable.

Some

examples include aldolase, phosphofructokinase and lactate dehdryogenase.
2 ) M olecular chaperones - These proteins can also be induced by glucose
deprivation, and are therefore called glucose regulated proteins (GRP). Their
physiologic function is to bind abnormal or malfolded proteins under stress, thus
preventing their release from the endoplasmic reticulum.
3) Redox enzymes — Hypoxia is known to affect the redox status of cells. The
induced redox enzymes play an important role in maintaining the cellular redox
homeostasis and in preparing cells for the oxidative stress due to reoxygenation or
reperfusion.
4) Growth factors - This group of proteins regulate important processes for tumor
cell survival such as angiogenesis. They are also implicated in cancer metastasis
and tumor progression. Examples include vascular endothelial growth factor
(VEGF), platelet-derived endothelial cell growth factor (PDECGF), transforming
growth factor (5 (TGFf)), and epidermal growth factor (EGF).
5) Transcription factors and signaling molecules — Although these proteins do not
affect cellular metabolism directly, they turn on the expression o f many effectors.
Some of the transactivators responsive to hypoxia, such as NF- kB, Spl, and AP1, can also be induced by other environmental stresses such as ionizing radiation
and chemical exposure. Hypoxia-inducible factor 1 (HIF-1), however, is unique
to hypoxic stress, and by far the most important mediator.

10

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Hypoxia Signal Transduction
The exact mechanism of oxygen sensing is still unknown, but it is thought to involve a
heme protein which changes conformation according to its redox state (Goldberg et al.,
1988). Signaling from the oxygen sensor which leads to the induction of transcription
factors appears to be mediated by the growth factor kinase pathway. There is some
evidence that c-Src (Mukhopadhyay et al., 1995) and protein kinase C (Koong et al.,
1994) act upstream of HIF-1. Hypoxia activation of NF-kB occurs through the Ras and
Raf signaling pathway and is preceded by phosphorylation of IicB-a (Koong et al., 1994;
Koong et al., 1994). Since hypoxia affects cellular redox status, it may also send signals
by modulating the redox state of proteins. This seems to be the case for the activation of
A P-l. During hypoxia, the cysteine residues located within the DNA binding domain of
AP-1 are maintained at a reduced state, enabling its binding to target sequences (Abate et
al., 1990; Yao et al., 1994).

Mechanisms o f Hypoxia Regulated Gene Expression
Hypoxia regulates gene expression mainly at the transcriptional level. Several
transcription factors are involved, such as p53, NF-tcB, AP-1, Sp-1 and HIF-1 (reviewed
in (Dachs and Chaplin, 1998)).

The most important mediator is HIF-1, which is

responsible for upregulating more than 30 genes. The target genes of HIF-1 include
VGGF, plasminogen activator inhibitor-1, nitric oxide synthase 2, and various glycolytic
enzymes and glucose transporters (Reviewed in (Semenza, 2000). HIF-1 consists of
a and P subunits (Wang and Semenza, 1995), both of which contain basic-helix-loophelix domains (Wang et al., 1995). HIF-1 P is also known as the aryl hydrocarbon nuclear
translocator (ARNT), which dimerizes with the aryl hydrocarbon receptor (Hoffman et
al., 1991). While HIF-1 P is oxygen insensitive and constitutively expressed, H IF -la is
strongly upregulated by hypoxia (Huang et al., 1996).

The two subunits, upon

11
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dimerization, recognize and bind the consensus sequence 5’-RCG TG -3\ or hypoxia
response element (HRE), thus leading to transcriptional activation (Forsythe et al., 1996;
Jiang et al., 1996).
The regulation of H IF -la itself, however, occurs at the post-translational level.
Under normoxic condition, H IF -la is targeted by the von Hippel-Lindau (VHL) tumor
suppressor protein for ubiquitin-dependent proteolysis.

Under hypoxia, H IF -la

dissociates from VHL, and thereby, becomes stabilized (Maxwell et al., 1999; Ohh et al.,
2000). This regulatory mechanism bears much resemblance to the functional interaction
between p53 and Mdm2.
Some genes are also regulated in response to hypoxia by alternative translation
initiation. It appears that the S'UTR of VEGF contains an internal ribosomal entry site
(IRES) (Akiri et al., 1998). This site is only biologically active and able to maintain capindependent translation during hypoxia (Stein et al., 1998). In addition, hypoxia also
induces VEGF by increasing the stability of its messenger RNA (Shima et al., 199S).
These multiple regulatory mechanisms act together to ensure the efficient production of
VEGF under stressful conditions.

Low p H and Low Glucose Regulated Gene Expression
Many of the genes inducible by hypoxia are also stimulated by acidic pH and
nutrient deprivation. It is well established that low glucose concentration leads to
activation of GRP via a glucose response element (Sciandra et al., 1984). An acidic pH
has also been found to increase the expression o f VEGF (Scott et al., 1998),
metalloproteinase (Martinez-Zaguilan et al., 1996) and p21 (Ohtsubo et al., 1997;
Williams et al., 1999), although the mechanisms of low pH-regulated gene expression are
still poorly defined.

12
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Tumor Microenvironment Is a Challenge for Cancer Therapy

Radiation Resistance
Tumor hypoxia is generally perceived as a hindrance to cancer therapy and often
predicts an inferior therapeutic outcome.

The importance o f oxygen in mediating

radiation response was discovered 50 years ago by Gray, who showed that tissues
irradiated in the presence of oxygen were much more sensitive to radiation damage than
are tissues irradiated under anaerobic conditions (Gray et al., 1953). This is because
oxygen, having the highest electron affinity, reacts rapidly with the free radicals produced
by ionizing radiation, thereby “fixes” the damage to DNA. In the absence of oxygen,
much of the radical damage can be repaired without lasting effects on the cell (Rockwell
and Knisely, 1997). Since solid tumors are typically poorly oxygenated and may even
contain regions that are anoxic, this would severely compromise the ability of ionizing
radiation to kill tumor cells.
Indeed, several clinical studies have confirmed that tumor hypoxia is correlated
with a poor radiation response. Brizel et al. evaluated twenty-eight patients with head
and neck cancers who underwent radiation therapy, where they found that patients with a
median pre-treatment tumor p 0 2 < 10 mmHg had a worse 1 year disease free survival
compared to those with p 0 2 > 10 mmHg (22% vs. 78%) (Brizel et al., 1997). Moreover,
the average median tumor p 0 2 in relapsing patients was much lower than in non
relapsing patients. In a similar study involving 35 patients, poor tumor oxygenation was
also found to predict loco-regional failure following radiotherapy (Nordsmark et al.,
1996).

Chemotherapy
The unique microenvironment present in solid tumors not only modifies radiation
response, but also affects the treatment efficacy of many chemotherapeutic agents.
13
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Because the vasculature within tumors is chaotic and insufficient, many drugs will be
limited in their diffusion from blood vessels, hence difficult to reach high enough local
concentration. Moreover, the acidity associated with tumor tissues often reverses the
transmembrane pH gradient, resulting in a more alkaline intracellular compartment
(Stubbs, 1998). Thus, drugs that are weakly basic, such as adriamycin, tend to be
inhibited from accumulating intracellularly (Skovsgaard, 1977).
In addition to the delivery problem, hypoxia within tumors poses another
challenge to treatment efficacy. In vitro studies correlated hypoxia with resistance to
doxorubicin (Shen et al., 1987), etoposide, vincristine, and actinomycin D (Hughes et al.,
1989). In vivo investigations with animal tumor models also demonstrated a limited
effectiveness of many drugs in hypoxic tumors (Teicher, 1994). Several mechanisms
seem to play a role. First, some drugs require oxygen to be effective. Therefore, tumors
that are hypoxic would be resistant to their actions (Teicher, 1994). Second, a decreased
oxygen tension is known to induce G, phase arrest (Graeber et al., 1994) and to slow
down DNA synthesis (Probst et al., 1988) in many cell types. This is incompatible with
the mechanisms of most cytotoxic chemotherapeutic agents, which specifically target
rapidly proliferating cells. Third, hypoxia has been shown to induce gene amplification.
The amplification of genes involved in mediating drug resistance, such as dihydrofolate
reductase and P-glycoproteins (Rice et al., 1986; Rice et al., 1987), may be an important
reason for treatment failure.

Therapeutic Exploitation
The presence of hypoxic regions within tumors is a major obstacle to
conventional cancer treatment. However, the uniqueness o f the tumor microenvironment
has also led researchers to design novel strategies that selectively target hypoxic cells,
thus turning the problem into an advantage.
One approach to hypoxia-specific therapy involves cytotoxic agents which show
14
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selective activity in a hypoxic environment.

A prototype of this class of drugs is

mitomycin C, a quinone antibiotic. Mitomycin C is a prodrug, which can alkylate DNA
and produce cytotoxic damages once enzymatically reduced. Hypoxic cells seem to
provide a more favorable environment for the bioreductive conversion than do normoxic
cells. Consequently, these cells are preferentially killed (Rockwell et al., 1982). Adding
mitomycin C as an adjunct to postoperative radiation therapy proved to be clinically
beneficial to patients with head and neck cancers compared to treatment with radiation
alone (Haffty et al., 1993).
Tirapazamine (TPZ) is another bioreductive agent with even more preferential
toxicity towards hypoxic cells than mitomycin C (Zeman et al., 1986).

In a recent

clinical trial, there was a significantly improved overall response when TPZ was
administered together with cisplatin than when patients were treated with cisplatin alone
(von Pawel and von Roemeling, 1998).
Another ingenious approach to hypoxia specific therapy is a gene therapy
strategy. It is based on the fact that many hypoxia-inducible genes contain a common
binding motif called the hypoxia response element (HRE). Since HIF-1, the transcription
factor specific to HRE, is only present under hypoxic conditions (Huang et al., 1996), any
novel gene designed to include an HRE would also be actively transcribed only in
hypoxic cells (Shibata et al., 2000). Thus, it is theoretically possible to target therapeutic
genes specifically to hypoxic tumors.

Tumor Microenvironment Increases the Likelihood of Malignant
Progression and Distant Metastasis

P ossible Link between the M icroenvironm ental Conditions and Tumor
Progression
Hypoxia predicts a poor treatment outcome to radiation and chemotherapy
15
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because oxygen participates directly or indirectly in the cytotoxic effects of these
treatments. Quite surprisingly, poor tumor oxygenation has also been found to correlate
with a worse outcome to surgery, a treatment modality unrelated to either the chemical or
biological activities of oxygen. This observation was made by Hockel et al., who
examined the surgical specimens of 47 cervical cancer patients who underwent radical
tumor resection (Hockel et al., 1996). They found that tumors with a median p 0 2 < 10
mm Hg had significantly larger tumor extensions, more frequent infiltrations and more
extensive lymph-vascular space involvement than tumors with a median p 0 2> 10 mm
Hg. Furthermore, patients with hypoxic tumors also had worse disease-free survival and
overall survival probabilities. These results have associated poor tumor oxygenation with
a more aggressive clinical behavior and raised the possibility that hypoxia may directly
contribute to the process of malignant progression. Such a notion is supported by several
other clinical studies which examined the metastatic potential of tumors. In all of these
reports, hypoxia was shown to be an independent and highly significant prognostic factor
predisposing tumors to metastatic spread, regardless of the origin of the primary tumor
(Brizel et al., 1996; Sundfor et al., 1998).
In addition to hypoxia, other adverse conditions found within tumors have also
been implicated in tumor progression. High lactate concentration, for example, appears
to be associated with a high risk of distant metastasis in cervical carcinomas (Schwickert
et al., 1995) as well as cancers of the head and neck (Walenta et al., 1997). These studies
did not reveal a correlation between glucose concentration and the likelihood of distant
mestastasis. However, in vitro experiments using an animal tumor model seemed to
suggest otherwise. It was shown that murine tumor cells subjected to glucose starvation
for 48 hours acquired an increased invasive capacity (Schlappack et al., 1991). When
inoculated into syngeneic hosts intravenously, these cells demonstrated an enhanced
potential to colonize lung tissues (Cuvier et al., 1997). Similar to glucose deprivation, an
acidic environment also caused a dramatic increase in the invasive capacity (Martinez16
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Zaguilan et al., 1996) and metastatic potential (Schlappack et al., 1991) in cultured tumor
cells. Thus, both in vitro and in vivo data provided evidence that the behavior of tumor
cells may be influenced by conditions of the tumor microenvironment.

Potential Mechanisms o f Microenvironment-induced Tumor Progression
The progression of many cancer types can be divided into distinct stages based on
histological and pathological criteria. The final stage of tumor progression culminates in
the invasive growth into surrounding normal tissues and metastatic spread to distant
organs. The mechanisms by which the exogenous microenvironmental conditions may
modify tumor behavior are largely unknown, but several possibilities exist.
1) It is well established that the environmental stresses imposed upon tumor cells are
strong stimuli of gene expression. Thus, the tumor microenvironment has the potential to
promote tumor progression by inducing novel genes or by altering the expression patterns
of genes related to tumor phenotypes. O f particular relevance to invasion and metastasis
are those genes encoding proteins which facilitate processes such as intravasation into
and extravasation from blood vessels, adherence to the basement membrane, and growth
and neovascularization at a secondary site (Kumar and Fidler, 1998; Liotta, 1992; Noel et
al., 1997). Many genes belonging to this group are induced under the conditions of the
tumor microenvironment. They include VEGF (Rofstad and Danielsen, 1999; Scott et
al., 1998; Shweiki et al., 1995), TGF-|3 (Klempt et al., 1992), interleukin-8 (Desbaillets
et al., 1999), PDECGF/TP (Griffiths et al., 1997), nitric oxide synthase (NOS) (Jung et
al., 2000), matrix-metalloproteinases (Kato et al., 1992; Koong et al., 2000; MartinezZaguilan et al., 1996), urokinase-type plasminogen activator receptor (uPAR) (Graham et
al., 1999), and cathepsin B and L (Jang and Hill, 1997), all of which are responsive to
hypoxia, and some of which are also induced by low pH and glucose deprivation.
2) The adverse nature of the tumor microenvironment is incompatible with normal
cellular metabolism and function. Therefore, only those cells evolved to overcome the
17
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environmentally induced cytostatic and cytotoxic effects can thrive and divide, and
gradually become the dominant population. Thus, another way by which the tumor
microenvironment can promote tumor progression is to provide a selective pressure,
which favors the growth of cells with an altered apoptotic potential. Supporting this
hypothesis is a series of experiments conducted by the Giaccia laboratory. They showed
that under hypoxic conditions, p53 -/- rat fibroblasts outgrew similar cells with a wildtype
p53 (Graeber et al., 1996). Therefore, apoptosis defective cells were selected for by the
environmentally imposed conditions.

In another experiment, exposure of primary

cervical epithelial cells which were originally apoptosis competent to hypoxia resulted in
the emergence of clonal variants that have lost their apoptotic potential (Kim et al.,
1997). This observation again implicates hypoxia as an important selective agent.
Notably, cells derived from HPV-associated human cervical squamous carcinomas also
display a reduced apoptotic sensitivity to hypoxia, suggesting that such a phenotype may
indeed provide a survival advantage in vivo.
3) Tumor progression is associated with genetic instability (Nowell, 1976).

The

development of a more malignant phenotype is accompanied by an increasing number of
mutations and chromosomal derangements (Kinzler and Vogelstein, 1996). Although
this phenomenon has largely been attributed to the disruption of regulatory genes such as
p53, it is possible that the adverse conditions found within tumor may also play an
important role. This hypothesis was previously proposed by our laboratory based on the
observation that hypoxia, low pH and nutrient deprivation each can cause severe
disturbance in cellular metabolism and physiology (Reynolds et al., 1996). In the next
chapter, we will specifically review literatures supporting such a notion.
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Chapter 2

Linking Tum or M icroenvironment to Genetic Instability
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Abstract
Genomic instability is a commonly observed feature o f tumors.

Most

investigations addressing the mechanism of tumor progression have focused on the
genetic factors that may play a role. Growing evidence now suggests that, in addition to
these endogenous factors, the exogenous environment within solid tumors may by itself
be mutagenic and constitute a significant source of genetic instability. The tumor
microenvironment is characterized by regions of fluctuating hypoxia, low pH, and
nutrient deprivation. Each of these microenvironmental factors has been shown to cause
severe disturbance in cell metabolism and physiology. Both in vivo and in vitro data
demonstrate that exposure of tumor cells to adverse conditions can directly cause
mutations, contributing to genetic instability. In this review, we will reexamine the
current body of evidence on the role of the tumor microenvironment in inducing
mutagenesis and consequent tumor progression.
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Introduction
Genomic instability is a hallmark of malignancy (Nowell, 1976). As cancers
develop, they often acquire an increasing number of genetic alterations.

At the

chromosomal level, aneupoidy, recombination, translocation, large insertions and
deletions are commonly observed.

At the DNA level, point mutations, such as

transitions, transversions and simple frameshifts, have also been recognized. However,
the low rate of spontaneous mutation in somatic cells is not sufficient to account for the
number of mutations found in malignant cells.

Loeb has hence proposed that the

expression of a mutator phenotype early in tumor development may be the basis for the
high mutation rate associated with many cancers (Loeb, 1991). This notion is supported
both by the discovery of human homologs of DNA mismatch repair genes implicated in
hereditary forms of colon carcinoma (Bronner et al., 1994) and by other work
investigating the role of specific genetic defects that promote genetic instability in
mammalian cells (Harris and Hollstein, 1993).
Recently, Richards et al. (Richards et al., 1997) reported a phenomenon, which
they termed a conditional mutator phenotype, in hMSH2-deficient tumor cell lines.
These mismatch repair-deficient cells expressed a high mutation rate relative to repairproficient cells only when they were maintained at high density. Therefore, the growth
conditions seemed to have a strong influence on the behavior of tumor cells. This result
is consistent with the hypothesis we and some other labs have proposed, i.e., in addition
to genetic factors, the microenvironment of an incipient developing tumor may by itself
contribute to genomic instability and mutagenesis, leading to tumor progression and
evolution of malignant phenotypes (Reynolds et al., 1996; Wilkinson et al., 1995). In this
perspective, we will describe the characteristics o f the tumor microenvironment and
discuss mutagenesis within this context.
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Tumor Microenvironment
The tumor microenvironment is characterized by regions of fluctuating hypoxia,
low pH, and nutrient deprivation (Moulder and Rockwell, 1987; Rockwell, 1992). This
microenvironmental heterogeneity develops very early in the growth of solid tumors due
to inadequacy of blood supply (Moulder and Rockwell, 1987). Although angiogenesis
accompanies most growing tumors, the overall tumor vasculature is often disorganized
and atypical structurally (Rockwell and Knisely, 1997). In addition, growing tumor cells
may invade or compress blood vessels, resulting in further obliteration of the vasculature.
Because the diffusion distance of oxygen is exceedingly short, chronic hypoxia results
when oxygen tension of a microenvironment drops precipitously with its distance from a
functional blood vessel (Rockwell and Knisely, 1997). Even in well vascularized regions
of the tumor, fluctuations in microvessel flow rate can produce transient changes in
oxygen tension sufficient in magnitude to affect tissue oxygenation (Kimura et al., 1996).
Measurements of hypoxic fractions in a series of primary tumors xenografted onto
immune-deficient rodents revealed that significant numbers of hypoxic cells were already
present when tumors were still microscopic in size, and that the hypoxic fractions of
tumors were independent of the tumor growth rate, the degree of differentiation, or the
metastatic potential of the tumor (Moulder and Rockwell, 1987; Rockwell and Moulder,
1990).
The diffusion distances of glucose and other critical nutrients are similar to that of
oxygen (Rockwell and Knisely, 1997), and the uptake of glucose is limited by its delivery
by the tumor blood flow (Kallinowski et al., 1988). Cells lying at a distance from the
nearest functional blood vessel may therefore experience nutritional deprivation.
Hypoxic cells depend on glycolysis for metabolic energy (Tannock and Rotin,
1989; Wike-Hooley et al., 1984). Anaerobic glycolysis produces lactic acid and ATP
hydrolysis. This, coupled with a diminished ability to remove metabolic waste, results in
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unphysiologically low extracellular pH, with a median about O.S unit below that in
normal tissues.
Because the tumor microenvironments cause profound perturbations in
metabolism and physiology, it is conceivable that such conditions may either cause
increased spontaneous damage to DNA or inhibit DNA repair processes. The ability of
cells in these adverse microenvironments to perform the housekeeping and repair
functions needed to maintain their genomic integrity may also be compromised.

Hypoxia
Among all the microenvironmental factors, hypoxia has been most extensively
studied. Much like low glucose levels and heat shock, hypoxia is perceived by ceils as a
stressful condition. ATP levels decrease rapidly after initiation of hypoxia (Heacock and
Sutherland, 1990). Gl-phase cell cycle checkpoints are activated (Graeber et al., 1994).
Protein synthesis is decreased and protein degradation is increased, with relatively
enhanced synthesis of oxygen-regulated proteins (Brown and Giaccia, 1994; Heacock
and Sutherland, 1990; Pettersen et al., 1986) . Severe, prolonged hypoxia ultimately
results in cell death (Amellem and Pettersen, 1991; Rice et al., 1987).
However, transient, intermittent hypoxia due to temporal variations in tumor
blood supply is not necessarily lethal to tumor cells. Instead, it may lead to significant
genomic alterations. It has been shown that under low oxygen condition, DNA synthesis
is inhibited, due to the suppression of initiation (Heacock and Sutherland, 1990; Probst et
al., 1988).

W hile DNA chain elongation remains unaffected, it may allow for

incorporation of possible DNA damage caused directly or indirectly by hypoxia. Cells
subjected to repeated hypoxia-reoxygenation have increased intracellular levels of
superoxide and other bioactive oxygen radicals that can react with DNA bases (Welboum
et al., 1991). For example, oxidative injury could generate excessive levels o f 8oxoguanine, which has been

shown to miscode with A, leading to C:G to A:T
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transversions (Cheng et al., 1992).

Hypoxia may also damage DNA indirectly by

inducing endonuclease activity leading to DNA strand breakage (Russo et al., 1995;
Stoler et al., 1992).

Russo et al. quantified DNA breakage in rat fibroblasts using

biotinylated dUTP end-labeling followed by flow cytometric analysis. They found that
after a 24 hour treatment of hypoxia, while cells remained fully viable, detectable
chromosomal breaks were elevated to about 3-fold above background, paralleling the
expression of hypoxia-inducible endonucleases.
The reoxygenation phase following hypoxia also appears to affect cell
physiology. Cells recovering from hypoxia have been shown to acquire an increased
capacity to initiate DNA replication, resulting in segments of the genome being replicated
more than once within a single cell cycle (Rice et al., 1986; Rice et al., 1987; Rice et al.,
1985; Young et al., 1988). Several groups reported that a 20-24 hour exposure of cells to
hypoxic conditions and subsequent return to normal aerated conditions resulted in the
generation of a subset of cells exhibiting >4C DNA content (where C is the content of the
haploid genome). Overreplication of DNA, coupled with strand breakage induced during
the hypoxic phase, is thought to provide the basis for various forms o f chromosomal
rearrangements (Schimke et al., 1986)
Gene amplification is the most reported genetic change associated with hypoxia
(Teicher, 1994). In 1986, Rice et al. (Rice et al., 1986) observed that exposure of
Chinese hamster ovary cells to transient hypoxia with subsequent recovery in the
presence of oxygen led to a marked enhancement in the frequency o f methotrexate
resistance as a result of the dihydrofolate reductase gene amplification. A 24-hr exposure
to hypoxia increased the drug resistance by 10-fold, and virtually all cells subjected to 72
hr of hypoxia became methotrexate resistant. In a similar study, amplification o f the
multiple-drug-resistance P-glycoprotein gene was also found to be responsible for the
hypoxia-induced adriamycin resistance (Rice et al., 1987). When hypoxia-treated cells
were selected for resistance to both drugs, it was found that the frequency of
24
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simultaneously acquired double resistance is 10-100 times higher than if each resistance
was selected independently. Thus, they proposed that the original event, i.e., DNA
overreplication leading to the development of drug resistance, had to involve significant
portions of the cellular genome. The subset of cells with overreplicated DNA were
shown to not only acquire drug resistance, but also to have enhanced metastatic potential
(Brizel et al., 1996; Cuvier et al., 1997; Hockel et al., 1996; Young et al., 1988).
However, the mechanism underlying such gene amplification phenomenon is still
controversial. For instance, Hahn et al. proposed that chromosomal changes may occur
as a result of asymmetric segregation of chromosome fragments or unequal sister
chromatid exchange rather than DNA overreplication (Hahn et al., 1986; Painter et al.,
1987). This alternative explanation could also account for the findings by Rofstad et al.
that hypoxia followed by reoxygenation may even induce tetraploidization o f a diploid
human melanoma cell line (Rofstad et al., 1996). Regardless of the mechanism, the
tumor hypoxic state does seem to lead to increased cellular heterogeneity and malignant
progression.
The aforementioned studies focused on large chromosomal rearrangements. To
detect small-scale mutations that may be induced by hypoxia, Reynolds et al. used a
murine cell line that carried multiple copies o f ksupF, a lambda phage shuttle vector
containing the supF tRNA suppressor gene as the mutation reporter gene (Reynolds et al.,
1996). This assay is particularly suitable for selecting small deletions, and it is well
established that the supF gene can report all types of point mutations. It was found that
following a 4 hour exposure of the cells to severe hypoxia, the mutation frequency in the
supF reporter gene was elevated 3.4 fold above that for the untreated cells grown parallel
in normal aerated culture conditions. Multiple exposures to hypoxia with recovery
between each treatment further enriched the mutation frequency, indicating a cumulative
dose-response effect. These results suggest that under hypoxic conditions, damage to
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DNA, as well as to cellular replication and repair mechanisms, may occur, leading to
mutations.

Nutrient deprivation & low pH
Much less attention has been devoted to the study o f the other two important
features of the tumor microenvironment, i.e., nutrient deprivation and acidity. Yet, both
conditions can profoundly alter cell metabolism and physiology, and so potentially
contribute to genetic instability in developing tumors.
Because metabolism is an energy-dependent process, cells deprived of glucose
and other energy sources can have impaired activity of many enzymes, including DNA
polymerases, topoisomerases, helicases, ligases etc. Similarly, an acidic environment
may also cause alterations in protein structure and function. This can lead to mutagenesis
due to a decrease in fidelity of both DNA synthesis and repair. pH has been shown to
have an effect on several DNA polymerases (Eckert and Kunkel, 1993; Eckert and
Kunkel, 1993). Although these in vitro studies reported a slightly decreased error rate
with respect to both base substitutions and frameshifts at low pH, this decreased error rate
was attributed mainly to the drastically reduced processivity of the polymerase. In
addition, the in vivo environment can be more complex; for example, it could be that the
fluctuation of pH is more deleterious.
Both glucose-starvation and acidosis have been demonstrated to enhance
metastatic potential of tumor cells (Cuvier et al., 1997; Schlappack et al., 1991), a
possible reflection of genetic instability. Similar to the effect o f hypoxia, when cells
were exposed to pH 6.5 or starved for glucose followed by recovery in normal growth
medium, a fraction of ceils were found with overreplicated DNA (Schlappack et al.,
1991). Furthermore, exposure to acidosis also led to a small increase in methotrexate
resistance in a murine tumor cell line (Schlappack et al., 1991).
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A decreased perfusion rate deprives tumor cells not only o f their energy source,
but of other critical elements as well. Using a Chinese hamster ovary cell line carrying
the E. coli gpt gene as the mutation reporter, Goncharova et al. observed that serum
deprivation induced a hypermutable state in those cells (Goncharova et al., 1996).
Incubation of the cells in serum concentrations lower than 0.25% led to an almost 5-fold
increase in the mutation rate. These cells had a higher level o f intracellular oxidants
compared to the level in control cells as demonstrated by DCF fluorescence
measurements. When the low serum was supplemented with antioxidants, the mutation
rate was reduced in a dose-dependent manner. These results suggest that the absence of
antioxidants and other critical components due to the limited blood supply can create a
hypermutagenic state within tumor cells.

Animal models
Studies using different culture conditions are important in dissecting out the
components that are responsible for the genetic instability in developing tumors.
However, such in vitro conditions do not exactly mimic tumor's complex
microenvironments, which vary spatially and temporally (Reynolds et al., 1996).
Moreover, different environmental factors may interact with one another synergistically,
producing a bigger effect than each factor alone. Boyer et al. (Boyer and Tannock, 1992)
found that hypoxia for 6 hours had no effect on the regulation o f intracellular pH, yet a
decrease in extracellular pH as a result of chronic hypoxia did impair the activity of both
the Na+-dependent C 1'/HC 03 ‘ and the Na+/H+ exchangers, and hence the recovery of
the acidic internal environment. Rotin et al. (Rotin et al., 1986) also reported that cellular
ATP, energy charge and cell viability were reduced after a 6 hour exposure to hypoxia at
pH 6.0, but none were influenced by hypoxia or acid pH alone. These studies indicate
that the combined effect of hypoxia and an acidic environment may be especially
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important in leading to changes in cellular energy metabolism, cell survival and possibly
genomic integrity as well (Rotin et al., 1986; Tannock and Rotin, 1989).
In this regard, the strong evidence suggesting a mutagenic effect of the complex
tumor microenvironment comes from studies done directly with experimental tumors.
Reynolds et al. (Reynolds et al., 1996) established an animal model in which the mouse
cell line, LN12, carrying a chromosomally based X phage shuttle vector was implanted
subcutaneously into the flanks of nude mice to generate tumors. At the same time, equal
numbers of LN12 cells were grown in vitro under standard culture conditions. A total of
six tumors were collected, each displaying the spatial variation in oxygenation expected
for solid tumors, with oxygen tensions varying from near those o f venous blood to very
severe hypoxia. The genomic DNA was prepared from these tumors, and incubated with
X in vitro packaging extracts to rescue the X vector DNA for genetic analysis of the supF
gene (Fig. I). They found a total mutation frequency of 9.3 x 10'5 for the cells in the
tumors versus 1.8 x 10'5 for the cultured cells, a 5-fold elevation (Fig. 2). Since it has
been shown in experimental tumor models that the tumor cell populations consistently
have longer mean cell cycle times than do parallel samples grown in vitro under optimal
culture conditions (Rockwell, 1977), calculation of mutation rates (if the actual number
of cell division could be counted) would likely accentuate these differences. Thirty-one
percent of the mutations in the tumors were deletions, whereas all the mutations in
cultured cells were point mutations, implicating strand breakage as a major premutagenic
lesion produced by the tumor microenvironment. The remaining 69% point mutations
were characterized by a slight overrepresentation o f transversions compared with those of
control, again indicating a qualitative abnormality in the maintenance o f genomic
integrity by cells growing within solid tumors. In another study (Wilkinson et al., 1995),
murine fibrosarcoma cells containing the hprt gene were grown as a subcutaneous tumor
in nude mice. These tumor cells were later explanted and incubated in culture medium in
the presence of 6-TG for the selection o f hprt mutants. The frequency o f mutation in
28
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cells grown in one tumor was found to be 3.4-fold higher than in cells grown in tissue
culture for an equivalent period of time.

Interaction of the tumor microenvironment and genetic factors
Growing evidence now points to a role o f tumor microenvironments in the
development of genetic instability. Tumor progression is a dynamic process. Factors
intrinsic to tumors cells, such as loss of wild-type p53 or mismatch repair genes, and
those extrinsic to the cells are not mutually exclusive. Studies conducted by Graeber et
al. (Graeber et al., 1996) suggest that the tumor microenvironment and genetic factors
may actually interact with each other during tumor evolution. They found that hypoxia
led to substantial apoptosis in transformed rat fibroblasts. However, when these cells
were genetically further altered either by overexpression of bcl-2 or by knock out of p53,
apoptotic response was significantly reduced. These results indicate that the genetic
status of a tumor can modulate its susceptibility to environment-induced checkpoint
mechanisms.

On the other hand, hypoxia favors the survival o f cells defective in

apoptosis. These authors were able to show in cell mixing experiments that, after
multiple rounds of hypoxic treatment, a small percentage of cells nullizygous for p53 can
outgrow similar cells expressing wild-type p53. Therefore, the tumor microenvironment
can act as a selective agent favoring cells with a particular genetic composition, such as
those that have lost apoptotic potential or acquired a growth advantage.
The conditional mutator phenotype reported by Richards et al. is another example
of how environmental cues may modulate mutation rate and genetic stability (Richards et
al., 1997). In fact, the adverse environment experienced by the tumor cells may induce a
transient expression of a mutator phenotype in the absence o f an actual mutation in a
repair gene. Recently, it was found that in E. coli, mismatch repair is downregulated
during stationary-phase due to a functional deficiency o f mutL, rather than to a decrease
in the amount of the protein (Harris et al., 1997). Similar work has not been done in a
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mammalian system. Nonetheless, it is reasonable to hypothesize that in developing
tumors, when growth conditions are suboptimal, some critical proteins may be
downregulated or modified to nonfunctional form, transiently permitting an increase in
mutagenic events. Some of the cells may acquire advantageous mutations that allow
them to overcome the restricted condition and to expand clonally (Loeb, 1997). This
microenvironmental selection process for a suitable genetic alteration may therefore
account for one aspect of tumor progression.

Discussion
The concept that "a mutator phenotype may be required for multistage
carcinogenesis" proposed by Loeb is widely accepted (Loeb, 1991). The underlying
mechanisms of the increased genomic instability during tumor progression have not been
fully established. However, it is fair to propose that in addition to endogenous factors
(such as disruption of genes involved in DNA repair), exogenous environmental factors
to which a tumor is exposed may play an equally important role in promoting the
evolution of a progressively malignant phenotype. The tumor microenvironment can
contribute to mutations in several ways:
1) It can cause DNA damage either by producing reactive oxygen radicals due to the
hypoxia-reoxygenation injury, or by inducing endonucleases leading to strand breakage.
2) The alteration in internal cellular environment, such as a decrease in energy stores, can
have a profound effect on cellular metabolism and physiology. This may result in
secondary modification of critical proteins that are involved in replication, repair or cell
cycle regulation.
3) The tumor microenvironment can further provide a selective pressure, encouraging the
expansion of cell lineages carrying mutations that permit a clone to survive the adverse
growth conditions. Some o f the mutations which provide a growth advantage, such as
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p53 disruption, may also further diminish the ability of the cell to maintain genomic
integrity.
The importance of the tumor environment as a source of genetic instability in
tumors has not received a large amount of attention in the past. In light of the emerging
in vivo and in vitro studies reviewed here, a reexamination o f tumor microenvironmental
factors may aid us significantly in understanding the extent to which they contribute to
phenomenon of tumor genetic instability and malignant progression. In the following
chapters, we will explore in detail the potential link between the tumor
microenvironmental conditions and mutagenesis.
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Fig. 1. Experimental protocol used by Reynolds et al. to examine mutagenesis in tumor
microenvironment (Reynolds et al., 1996). The tumorigenic mouse cells, LN12, carrying
multiple copies of a chromosomally based X phage shuttle vector, XsupF, were grown
either in standard culture conditions or injected s.c. into flanks of mice to generate
tumors. Genomic DNA was prepared and incubated with X in vitro packaging extracts to
rescue the X vector DNA. Mutations in the supF gene were detected by growth of the
rescued phage on an E .coli indicator strain.
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Fig. 2. Mutation frequencies of the supF gene detected in the XsupF vectors rescued
from the LN12 cells grown as tumors versus grown in culture. Each bar represents the
frequency of mutations in phage vectors rescued from LN12 cells either prepared from an
individual tumor or grown as a clonal population under standard culture condition. Data
were adapted from Reynolds et al. (Reynolds et al., 1996).
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Part II
Mutagenesis Study
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Chapter 3

Analysis o f M utations Induced by Hypoxia and Low pH
Using the Lam bda Shuttle Vector System
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Abstract
The tumor microenvironment is characterized by regions of chronic and
fluctuating hypoxia, low pH and nutrient deprivation. Using an animal tumor model, our
lab previously provided evidence that this adverse environment may induce genetic
instability. To confirm this initial observation and to identify the factors that may be
responsible for this effect, we designed an in vitro system to mimic the conditions seen in
vivo. Using this system, we compared mutagenesis in cells cultured under the standard
condition with those grown under hypoxia or at low pH. In both Big Blue and 3340 cells,
we found that these altered culture conditions resulted in elevated mutation frequencies in
the respective mutation reporter genes.

Furthermore, sequence analysis of the e ll

mutation reporter revealed a slight overrepresentation of the G to T transversions in cells
treated with hypoxia, implicating 8-oxodeoxyguanine as an important lesion caused by
hypoxia/reoxygenation. Mutations detected in the supFGl gene are predominantly single
base pair deletions or insertions, and may indicate replication slippage error as a type of
microenvironment-induced genetic instability.
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Introduction
As cancers develop, they often display more aggressive behavior over time, a
phenomenon termed malignant progression.

This process has been associated with

genomic instability within tumors (Nowell, 1976). However, the mechanism underlying
genetic instability is only partially understood. Much attention has been focused on the
endogenous genetic causes that may play a role. In this thesis, we would like to explore
the possibility that, in addition to the endogenous factors, the exogenous
microenvironment accompanying growing tumors may also be a potential source of
genetic instability. This hypothesis is based on the unique physiology associated with
solid tumors, which is characterized by regions of chronic and fluctuating hypoxia, low
pH and nutrient deprivation.

As reviewed in Chapter 1 and Chapter 2, these

microenvironmental deficits can cause numerous metabolic changes within the cells, and
therefore could potentially compromise the ability of those cells to maintain their
genomic integrity.
In the initial work to test this hypothesis, our lab developed a mouse tumor model
in which a murine tumorigenic cell line, LN12, carrying multiple copies of a recoverable
lambda shuttle vector, XsupF, was injected subcutaneously into the flanks o f nude mice
to generate tumors (Reynolds et al., 1996). We found that the frequency of supF reporter
gene mutations arising in cells within the tumors was significantly higher than that in
otherwise identical cells grown in culture. Moreover, exposure of the cultured cells to
transient hypoxia also produced an elevated mutation frequency, with a mutation pattern
similar to that seen in the tumors. This study provided evidence that the in vivo tumor
microenvironment could indeed be mutagenic and that hypoxia found within tumors may
be partially responsible for this effect.
To confirm this initial finding, and to further identify the microenvironmental
factors implicated in the process, we carried out a more extensive in vitro mutagenesis
study using tissue culture conditions designed to mimic those found in vivo. Specifically,
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we asked whether hypoxia and low pH, the two conditions commonly associated with
solid tumor, could each induce genetic instability.
The mutagenesis assay employed in this study is based on a chromosomally
integrated lambda shuttle vector. This assay system was developed as an alternative to
using endogenous genes as mutation reporters where detection of mutants would require
extensive tissue culture manipulation (Glazer et al., 1986; Kohler et al., 1991). Instead,
multiple copies of a lambda shuttle vector carrying a prokaryotic mutation reporter gene
are incorporated into the mouse genome. Using lambda in vitro packaging extracts, the
lambda DNA could later be identified, cut out, and packaged into viable phage from
within the mouse DNA. The phenotypes of the rescued phage are analyzed by growth in
an appropriate E. coli host. In this way, mutations arising in the mouse cells can be easily
detected with simple prokaryotic genetics. Since this assay requires the recovery of
viable phage particles, large deletions which reduce the vector size below the minimum
for X phage packaging, or which remove essential genes, are not detected. Therefore, this
assay is especially suitable for identifying small deletions and point mutations.
The two mouse cell lines used in our mutagenesis studies are the Big Blue
embryonic fibroblasts (BB) and the 3340 fibroblasts respectively. The 3340 cell line was
established in our lab. It is an SV40 transformed mouse fibroblast carrying in its genome
- 15 copies of the bacteriophage shuttle vector, XsupFGl (Fritzell et al., 1997) (Fig. 1A).
This is a slightly modified version of the original XsupF vector (Glazer et al., 1986), and
contains the supFG l gene as the mutation reporter. supF encodes the amber suppressor
tyrosine tRNA. su pF G l differs from supF in that a run o f 8 G 's was engineered to
replace nucleotides 172-179 (Wang et al., 1995).

Because of the presence o f the

mononucleotide tract, supFG l is more sensitive to replication slippage errors than supF,
hence suitable for reporting frameshift mutations in addition to base substitutions
(Narayanan et al., 1997). Mutations in the supFG l gene can be detected by plating the
rescued phage on an E. coli indicator strain with an amber mutation in the lacZ gene.
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Phage with wildtype supFGl can suppress the mutation in the lacZ gene and would yield
blue plaques in the presence of the chromogenic compound 5-bromo-4-chloro-3-indolyl(3-galatoside (X-gal), whereas phage with inactivating supFG l mutations would produce
colorless plaques.
BB is a commercial cell line featuring the bacteriophage lambda shuttle vector
AL/Z (Kohler et al., 1991) (Fig IB). It provides two mutation reporter genes, la d and ell.
The e ll gene is an integral part of the lambda phage genome, and it encodes a protein
which is critical for the decision of lytic versus lysogenic pathway made by X upon
infection of E. coli. Normally, within an hfT host, e ll activates the transcription of the cl
repressor and the lambda integrase gene, favoring the lysogenic pathway. Only when ell
is mutated will phage enter the lytic pathway and form a discernible plaque on agar plates
(Jakubczak et al., 1996). Thus, mutations occurring in e ll are readily identified. In
addition to the ease of mutation detection, the small size o f the e ll gene (294 base pairs)
also makes it amenable for efficient DNA sequence analysis.

The use of e ll as a

mutation reporter has been validated with a number of in vitro mutagenesis assays as well
as in vivo toxicology studies (Harbach et al., 1999; Watson et al., 1998).
Using Big Blue and 3340, we compared mutagenesis in cells cultured under
different conditions. We found that growth of cells in hypoxia and/or at low pH resulted
in elevated mutation frequencies in the reporter genes. Furthermore, sequence analysis of
e ll revealed a slight overrepresentation of the G to T transversions in the samples treated
with hypoxia, indirectly implicating 8-oxoguanine as an important lesion caused by
hypoxia/reoxygenation. Mutations detected in the supFGl gene are predominantly single
base pair deletions or insertions, and may indicate replication slippage error as a type of
microenvironment-induced genetic instability.
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Materials and Methods
C ells. The transgenic Big Blue mouse embryonic fibroblast cell line (Stratagene, La
Jolla, CA) was derived from the C57B1/6 Big Blue mice. Primary embryo cells were
immortalized by ionizing radiation and transformed with benzo[a]pyrene (Erexson et al.,
1998). Each cell contains ~ 40 copies of the X-LIZ shuttle vector integrated into the
mouse genome. BB were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
containing 10% heat inactivated fetal bovine serum (Gibco BRL Life Technologies,
Gaithersburg, MD) and 2mM L-glutamine (Sigma-aldrich, St. Louis, MO) at 37°C in a
humidified incubator with 5% CO;.
The 3340 mouse fibroblast cell line was derived from the supFGl transgenic mice
in our laboratory. Primary skin fibroblasts were transformed with SV40 virus. Each cell
contains ~ 15 copies of chromosomally integrated XsupFGl shuttle vector. They were
cultured in DMEM supplemented with 10% fetal bovine serum.

H y p o x ia.

Hypoxic culture conditions were established as described previously

(Reynolds et al., 1996), using a continuous flow of a mixture of 95% N: and 5 % C 0 2 gas
certified to less than 10 ppm 0 2 (Airgas Northeast, Cheshire, CT).

Low pH medium. Culture medium was acidified by supplementing the regular medium
with 25 mM HEPES and 25 mM 4-morpholinepropanesulfonic acid (MES) (Sigmaaldrich, St. Louis, MO). The acidity o f the medium was adjusted to a final pH of 6.5 with
IN NaOH.

M utagenesis assay. Either 8 x 10s 3340 cells or 3 x 105 BB cells were seeded per glass
milk bottle (~ 60 cm2 growth area) 18 hours prior to treatment. Cells at approximately
50-60% confluence were exposed to hypoxia and/or acidic media (pH 6.5) for 12 hours.
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Following treatment, media was replaced and cells were cultured under the standard
conditions (normoxic and pH 7.4) to recover. When they reached near confluence in
milk bottles, they were transferred to T-150 flasks and again cultured to near confluence
before harvesting. Untreated control cells were subcultured every 2-3 days and were
harvested on the same day as the treated samples.
To prepare high molecular weight DNA, cells were lysed in lOmM Tris (pH 8.0),
100 mM EDTA (pH 8.0) and 0.1% SDS. They were treated with RNase at 25 pg/ml at
37°C for 1 hour followed by incubation with proteinase K (50 pg/ml) overnight. DNA
was extracted with an equal volume of Tris-equilibrated phenol three times with a
widebore pipette. Trace phenol was removed by dialyzing the DNA sample in a large
volume of TE (lOmM Tris, 1 mM EDTA, pH 8.0) with four exchanges of the buffer.
DNA was precipitated using 2 volumes of ice-cold ethanol and 1/10 volume of 3M
sodium acetate (pH 5.2). Precipitated DNA was spooled out with a capillary tube,
washed in 70% ethanol and dissolved in 200 pi of TE.
For A. phage rescue, 10 pg of mouse cell DNA was incubated with 120 pi of
sonicate extracts (prepared from E. coli lysogen NM759) and 80 p i of freeze-thaw
extracts (prepared from E. coli lysogen BHB2688) in two batches at 32°C for three hours.
Reaction was quenched with 600 pi of A. buffer.
To detect mutations in the supFGl gene, rescued phage were adsorbed to an E.
coli strain carrying an amber mutation in the lacZ gene [E. coli C lacZ125(Am)] at room
temperature for 15 minutes.

The reaction was then mixed with isotropy-^-D -

thiogalactoside (IPTG, 1.3 mg/ml), X-gal (1.6 mg/ml) and 0.4% top agar and plated on
LB plates. After overnight incubation at 37°C, clear plaques were identified as mutants,
and the mutation frequency is expressed as the number o f clear plaques over the total
number of plaques (blue plus clear).
The procedure for detecting c/7 mutations followed that of Watson et al. (Watson,
et al., 1998). Briefly, 30 pi o f packaged DNA reaction were incubated with 0.1 ml E. coli
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HfT strain G1250 (OD 1.0) at room temperature for 40 minutes, mixed with 3 ml 0.4%
top agar and plated onto TB plates. Mutant plaques were obtained by incubating the
plates at 24°C for 48 hours, a condition under which only XclT can undergo lytic cycle to
form plaques on the bacterial lawn. To determine the total titer o f packaged phage, a
dilution of the reaction (0.5 pi) was plated and incubated at 37°C, where both wildtype
and mutant can form plaques.

Sequence analysis of m utations. Mutant plaques were cored and dispensed into 0.1 ml
0.1% Tween 20 in eppendorf tubes. Tubes were vortexed, allowed to sit at room
temperature for I hour and boiled for 10 minutes. For PCR amplification of the supFGl
gene, a cocktail mix in a volume of 100 pi was assembled containing 10 pi boiled phage
supernatant, 0.5 pi Taq DNA Polymerase (Boehringer Mannheim, Roche), 200 pM
dNTP, 10 pi 10X PCR buffer (+15mM MgCU, Boehringer Mannheim) and 0.4 pM of
each primer. The primers used were #12: 5’-CTC TAA TAC GAC TCA CTA TAG GG
- 3 ’, and #13: 5-G G A CAC CGC CAG CAA ACG CGA G C -3 \ PCR amplification
consisted of an initial denaturation at 95°C for 5 minutes, followed by 40 cycles of
denaturation at 94°C for 1 min, annealing at 55°C for 1 min, and elongation at 72°C for 1
min, and ended with a final extension at 72°C for 10 min (GeneAmp PCR System 9600,
Perkin Elmer). PCR products were purified with PCR purification kit (Qiagen) following
vendor’s protocol, and sequenced by the Keck Center for Biotechnology (Yale
University) using primer T7.
Sequence analysis of the e ll gene followed the same procedure. The PCR primers
used were PI: 5-C G C TCT TAC ACA TTC CAG CC-3’, and P3: 5’-CTG CCA CAT
TAC GCT CCT GTC C -3 \ Primer PI was also used for sequencing.
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Results
M utagenesis assay using the c/7 gene in the BB fibroblasts.
M utation frequency. To identify the microenvironmental factors that may contribute to
genetic instability observed in tumors, we established in vitro cell culture conditions to
mimic each feature seen in vivo. By growing cells in an airtight glass milk bottle and
continuously flushing a humidified gas mixture consisting of 95% N2/5% C 0 2 we were
able to achieve a uniform and severe hypoxic culture condition with pO: less than I
mmHg. The buffering capacity of the C 0 2maintained the pH of the medium within the
physiological range, so the only difference between such a setting and the standard
culture condition is the level of oxygen tension. To mimic the low extracellular pH
associated with many tumors, we acidified the medium with HEPES and MES. In the
presence of these two buffers, a pH value of 6.5 was maintained for at least 24 hours.
With the culture conditions established, we tested the mutagenic effect of the tumor
microenvironment by exposing the Big Blue fibroblasts to either hypoxia or low pH for
12 hours. Following the treatment, cells were allowed to recover and grow under the
standard conditions for 5 days, after which genomic DNA was isolated and mutations
occurring in the e ll reporter gene were analyzed.

The combined results o f two

independent experiments are presented in Table 1. The background mutation frequency
of e ll in the untreated cells was approximately 7.0 x I O'5. Exposure of cells to transient
hypoxia followed by recovery under normoxia led to a mutation frequency of 14.4 x 10 5,
a 2-fold increase above the background. This result confirmed our previous work in the
LN12 cells, where we saw an increase in mutation frequency in the supF reporter gene
following transient hypoxia (Reynolds et al., 1996). We also measured mutagenesis in
cells grown at pH 6.5. This experiment was performed once (due to loss of DNA in the
second experiment), so standard error could not be calculated. Nevertheless, the acidic
growth condition was also found to be mutagenic; it induced mutations in e ll at a level
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comparable to that seen under hypoxia (15.3 x I O'5). Since cells grown in tumors can be
simultaneously exposed to several environmental deficits, we next asked whether we
could accentuate the mutagenic effect by combining the two treatment conditions.
However, acidification of the culture media concurrently during hypoxia did not further
elevate the mutation frequency in the c/7 gene, implying the two conditions might work
through the same pathway.

M utation patterns.
and sequenced.

Mutant phage were purified and the e ll gene was PCR amplified

Of all the independent mutants analyzed, only one plaque (in the

hypoxia-treated group) did not PCR amplify, indicating that the vast majority of the
mutations occurring in c/7 were point mutations. This is somewhat different from our
previous observation in LN12 cells, where a significant number of supF deletions were
found in cells treated with hypoxia. Yet, it is consistent with the bias of this assay toward
detecting point mutations. Both base substitutions and small frameshifts were identified,
with the former being more prevalent.

The DNA sequences o f base substitution

mutations recovered from the control group as well as the treated groups are presented in
Fig. 2 (A-D). In the spontaneous mutation spectrum, base substitutions were evenly
distributed along the entire 294 base pair coding sequence and the 5’upstream region,
with no obvious clusters. This is in agreement with the e ll background mutation pattern
reported by other labs (Watson et al., 1998), and with the e ll mutation database posted on
the web (http://eden.ceh.uvic.ca/cii-sites.htmi.

Such a distribution pattern was not

altered in the treated groups; neither hypoxia nor low pH created any mutational hotspot.
However, the types of the base substitutions induced were different from that seen in the
control. As shown in Table 2, the numbers of transversion mutations vs. transition
mutations were roughly the same in the control. In the samples treated by hypoxia alone
or hypoxia at pH 6.5, transversions were slightly overrepresented. Most notably, the
percentages of the C:G to A:T transversions were significantly higher (>20% vs. 9.4%).
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This difference in mutation patterns indicates that the conditions o f the tumor
microenvironment not only led to a quantitative but also a qualitative change in
mutations.
The e ll gene contains two stretches of homonucleotides, which theoretically could
be hotspots for frameshifts.

The first spot is a run o f guanines located between

nucleotides 179-184, and the second is a run of adenines between nucleotides 241-246.
We analyzed the propensity of all the frameshift mutations with regard to their locations
(Table 3). In the control, 4 deletions occurred in the homonucleotide runs, 1 occurred
elsewhere. Together, they accounted for approximately 11% (9.1% + 2.3%) o f all the
mutations recovered.

In the hypoxia treated groups, the percentages of the total

frameshifts occurring in the repeat sequences were not much different from that of the
control, except that there was a tendency toward insertions. In the sample exposed to low
pH, we didn’t find either insertions or deletions. However, the number of mutations
analyzed in this group was probably not big enough to draw meaningful conclusions.

M utagenesis assay using the supFGl gene in 3340 cells.
M utation frequencies.

To further investigate the consequences o f growth under the

conditions of the tumor microenvironment, we repeated the mutagenesis study in yet
another cell line, 3340. The mutation reporter contained in this mouse fibroblast,
su p F G l, was modified from the E. coli supF gene to include a 7 and an 8 G:C
mononucleotide run. As a result, this cell line could be useful to address the question of
whether hypoxia and low pH can promote repeat sequence instability in addition to
causing base substitutions. Since the background mutation frequency in supFGl in 3340
was found to be quite high, we re-cloned this cell line to eliminate preexisting mutations.
Two such clones, Clone 1 and Clone S turned out to carry a low background (11.3 x 10~s
and 7.2 x 10'5 respectively), and were chosen for further analysis. As shown in Fig 3, the
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mutation frequencies of supFGl were elevated approximately 2-3 fold above background
when 3340 cells were exposed to hypoxia (8 hours) or hypoxia at pH 6.5 (12 hours).

M utation patterns. supFGl mutations were sequenced, and the DNA sequences of the
mutations arising in Clone 1 and Clone 5 were pooled and presented in Fig 4 (A-C).
Among the 8 spontaneous mutations recovered, half were base substitutions and half
were frameshifts. This is consistent with this gene being suitable for reporting both types
of point mutations. The 3 insertions and I deletion observed at the homonucleotide run
of 8 G .C’s indicated that this repetitive sequence was particularly prone to replication
slippage error, and that it was unstable even under standard culture conditions. When
cells were treated with hypoxia, this feature was even more prominent. Ten out of the 12
mutations were either insertions or deletions at this site, and only 2/12 were base
substitutions. Cells subjected to hypoxia at low pH reproduced this pattern, with all but
one mutation being frameshifts at the mononucleotide runs. This shift in mutation
spectrum suggested that hypoxic conditions promote hypermutability at repetitive
sequences.

Discussion
In this study we have investigated the genetic consequence of growing cells under
different culture conditions. These experiments were performed to follow up on our
previous observation that cells grown as tumors in vivo accumulated more mutations
compared to otherwise identical cells grown in culture (Reynolds et al., 1996).

To

identify the features of the tumor microenvironment that may be responsible for this
effect, we set up an in vitro system, in which we could manipulate various growth
conditions systematically. Using this system, we compared mutagenesis in cells cultured
under the standard condition with those grown either in hypoxia or at low pH. In both
Big Blue and 3340 cells, we found that these altered culture conditions resulted in
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elevated mutation frequencies in respective mutation reporter genes. Our results thus
implicate hypoxia and low pH as two important factors in mediating genetic instability
associated with the tumor microenvironment.
The types o f mutations identified were almost exclusively point mutations,
consisting of both base substitutions and small insertions/deletions. This is consistent
with the nature of the lambda shuttle vector system favoring the detection of point
mutations. Theoretically, small deletions may also be recovered, provided that the
essential genes are spared and that the size of the remaining sequence is still above the
minimum required for lambda packaging. In fact, our previous study using LN12 cells
did recognize a significant proportion of deletions among hypoxia-induced supF
mutations (Reynolds et al., 1996). The discrepancy between the earlier finding and the
current study is unclear, but could be due to either the varied genetic background between
cell lines or the different chromosomal locations of the respective lambda sequences.
Nevertheless, point mutations were consistently recovered from all three reporter genes,
so they should represent one type of genetic instability induced by the conditions of the
tumor microenvironment.
Complementary to our findings, other genomic alterations commonly found in
cancers have also been shown to associate with adverse growth conditions. Several
groups observed an increased frequency of gene amplification in cells transiently exposed
to hypoxia or low pH (Rice et al., 1986; Rice et al., 1987; Schlappack et al., 1991). More
recently, hypoxia was shown to be a potent inducer of chromosomal fragile sites, which
can drive integration of double minutes and trigger genomic rearrangements (Coquelle et
al., 1998). These reports, along with this study, indicate that genetic instability observed
in tumors, including both point mutations and large chromosomal rearrangements, may
arise not only due to mutations in DNA repair or cell cycle regulatory genes, but also as a
direct consequence o f exposure to hypoxia and low pH. Because microenvironmental
deficits develop very early during tumor growth (Rockwell and Moulder, 1990), these
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adverse conditions may play an important role in fostering the evolution of genomic
instability and have a direct bearing on tumor progression.
The mechanism by which tumor microenvironment may promote mutagenesis
remains to be determined. In general, mutations can occur as a result of metabolic
damages to DNA, or due to errors in DNA replication or repair. Presumably, mutations
induced by hypoxia and low pH may also involve these processes.
In ischemic neuronal injury models, it is well established that ischemiareperfusion can lead to an imbalance between oxygen molecules and electrons, resulting
in the formation of reactive oxygen species (ROS) (Dugan et al., 1995; Grammas et al.,
1993). By analogy, cells subjected to hypoxia-reoxygenation may also have an elevated
level of bioactive oxygen radicals. These free radicals can interact with DNA to produce
strand breaks and base modifications, thus initiating mutagenesis (Feig and Loeb, 1994;
Liu et al., 1996).

A very common form of oxidative base damage is the 8-oxo-

deoxyguanine. It has been shown to mispair with A, and consequently lead to G:C to
T:A transversions (Cheng et al., 1992; Moriya et al., 1991; Shibutani et al., 1993;
Shibutani et al., 1991). Such a mechanism could account for the e ll mutation spectrum in
the Big Blue cells, where increased frequencies of G:C to T:A changes were observed in
hypoxia-treated cells (Table 2). In Chapter 4, we will provide direct evidence to show
that hypoxia-reoxygenation can indeed generate an excess level of 8-oxo-dG.
Among the e ll mutations induced by low pH, G:C to T:A transversions are also
frequently seen. However, the total number of mutations sequenced for this group is
small (15 only), so we cannot be entirely sure that this truly represents the low pHinduced mutation spectrum. The mechanism by which an acidic pH causes mutations
may not be exactly the same as that of hypoxia, because cells elicit different responses to
these two environmental stresses. At a low extracellular pH, the activity of the Na7H*
exchanger is elevated in order to maintain a physiologic intracellular pH (Boyer and
Tannock, 1992). Increased ion-pumping consumes ATP, so the overall energy currency
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is lower in these cells (Stubbs et alM 2000).

Under the sub-optimal intracellular

conditions, the function of many enzymes including DNA polymerases and repair
proteins are likely to be altered, which may lead to a decreased fidelity of DNA synthesis
and diminished DNA repair.
In the BB cells, concurrent exposure to hypoxia and low pH did not further
elevate the mutation frequency of e ll above the levels seen with either hypoxia or low pH
alone. Although in vitro studies have reported a synergistic effect of hypoxia and low pH
on cellular energy metabolism and cell survival (Boyer and Tannock, 1992; Rotin et al.,
1986), how they may interact to induce mutations remains unclear. At this time, we
cannot rule out the possibility that the sensitivity of the e ll mutation assay is not high
enough to allow detection of a subtle difference in mutation frequencies.
In the 3340 cells, one base pair deletions and insertions were prevalent among the
supFGl mutations induced by hypoxia (either alone, or concurrently with low pH) (Fig
4). These frameshifts were clustered within the run of 8 G:C base pairs, suggesting that
the adverse growth conditions can stimulate replication slippage errors. This could occur
due to an altered DNA polymerase function under these conditions. Alternatively, DNA
mismatch repair activity may be impaired, resulting in decreased efficiency to correct
base slippages post replication. The influence of hypoxia and low pH on repair function
will be examined in Chapter S and 6. A third possibility is that the adverse conditions
may directly promote duplex instability. Relevant to this, studies by Jackson et al.
showed that exposure o f a plasmid to H20 2 resulted in an increased frequency of
frameshifts at the inserted microsatellite sequence; such an effect was abolished by the
addition of radical scavenger ascorbic acid (Jackson et al., 1998). Therefore, it is
conceivable that the frequent frameshift mutations observed in supFGl could result from
oxidative damage due to hypoxia-reoxygenation. Interestingly, another homonucleotide
run in s u p F G l, a run o f 7 G:C repeat, did not show an elevated rate o f frameshift
mutations. Nor did the two runs o f 6 nucleotides in the e ll gene. So there seems to be a
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threshold with regard to the size o f the repeats, above which, base slippages are more
likely to occur. This is consistent with studies in E. coli, M13 phage and yeast, which
have shown that the incidence of frameshift mutations is dependent on the length of the
repetitive sequence (Freund et al., 1989; Levinson and Gutman, 1987; Tran et al., 1997).
In particular, Tran et al. demonstrated that DNA polymerase proofreading is inefficient
for runs > 8 nucleotides.

This could explain the presence of single base pair

insertion/deletion within the 8 G:C repeats even under the standard growth conditions.
When ceils are stressed by hypoxia and low pH, the fidelity o f replication past these
longer repeats is further compromised, resulting in an even higher rate of frameshift
mutations. Our studies were performed in vitro. However, it is not unreasonable to
speculate that the adverse conditions seen in tumors in vivo may also promote instability
at repetitive sequences, including microsatellite loci.
To summarize, in this chapter, we have examined mutagenesis in cells exposed to
conditions of the tumor microenvironment. We found that both hypoxia and low pH are
mutagenic. Thus, the exogenous tumor microenvironment, in addition to the genetic
factors, may play an important role in inducing genetic instability. The mechanisms of
hypoxia and low pH induced mutagenesis were thought to involve increased oxidative
DNA damage or altered DNA replication/repair function. These possibilities will be
further explored in Part III of the thesis.
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Table I . Frequencies o f the c lI mutations induced by hypoxia and/or low pH in Big Blue fibroblasts.

Growth conditions in culture

Mutation frequency0
(x 10-5)

Mutants /total6

standard condition

7.0 ± 1.0

53/750,126

pH 6.5 (12 hrs)

15.3

2 7 / 176,054

hypoxia (12 hrs)

14.4 ± 1.1

79/549,297

hypoxia + pH 6.5 (12 hrs)

14.8± 0.6

85 / 577,433

“ The values represent the averages o f two independent experiments (except for the pH 6.5 condition, which was performed once).
Standard deviations are indicated.
6 The numbers are the sum o f two independent experiments.
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Table 2. Spectrum o f independent base substitution mutations induced by hypoxia and/or low pH in the e ll gene in BB cells

Growth conditions in culture

Mutations

Standard
condition

pH 6.5

Hypoxia

Hypoxia
+ pH 6.5

10(31.2%)
6(18.8% )

5 (33.3%)
3 (20.0%)

15(34.1%)
3 (6.8%)

16(30.2%)
2 (3.8%)

3 (9.4%)
5(15.6% )
5(15.6% )
3 (9.4%)

4 (26.7%)
1 (6.7%)
0 (0.0%)
2(13.3% )

9 (20.5%)
10(22.7%)
1 (2.3%)
6(13.6% )

13 (24.5%)
8(15.1% )
8(15.1% )
6(11.3% )

32 (100%)

15 (100%)

44 (100%)

53(100% )

Transitions
C:G -♦ T:A
T:A - C:G

Transversions
C:G -* A:T
C.G -♦ G.C
T:A -> A:T
T:A -> G:C

Total

frameshift mutations

other locations

homonucleotide runs"

+1

-1

insertions

deletions

Total

4(9.1% )

0(0% )

1 (2.3%)

5(11.4% )

0(0% )

0(0% )

0 (0%)

0 (0%)

0(0% )

hypoxia (12 hrs)

4 (5.3%)

3 (4.0%)

0 (0%)

1 (1.3%)

8(10.6% )

hypoxia + pH 6.5 ( 12 hrs)

3 (3.6%)

1 (1.3%)

1 (1.2%)

2 (2.4%)

7 (8.5%)

n

pH 6.3 (12 hrs)

w

standard condition

o
oP

growth conditions
in culture

/-“ N
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Table 3. Frameshift mutations induced by hypoxia and/or low pH in the e ll gene in BB cells

a H ie sequence o f e ll containing the homonucleotide runs is:
5’
GAAT G G C C C C T CGTTGACGACGACATGGCTCGATTGGCGCGACAAGTTGCTGCGATTCTCACCAATAAAAAAC
GCCC
3’
h The numbers in the parentheses represent the percent o f each case relative to the total number o f mutants recovered from the
respective growth condition.

Fig. 1. Schematic diagrams of the X shuttle vectors used in the mutagenesis assay. (A)
XsupFGl shuttle vector. The vector carries the supFG l gene as the mutation reporter,
along with the neomycin resistance gene. The X cohesive ends (cos), attachment site (att)
and repressor gene (c!8S7) are also indicated.

Construction o f the vector and

establishment o f mouse 3340 cells carrying multiple chromosomal copies of the vector
DNA have been previously described (Fritzell et al., 1997; Narayanan et al., 1997; Wang
et al., 1995). (B) XLIZ shuttle vector (Kohler et al., 1991). The vector carries both lacl
and e ll as the mutation reporters. The d l gene is transcribed as part of a polycistronic
mRNA initiated at the PR promoter. Other genes in the cistron (cro, O, P and Q) are also
shown. The PRE promoter overlaps the 5’ end of the d l gene and runs counter to PR.
Detectable mutations in d l region interfere with either the translation and function of the
d l protein or c//-mediated initiation of the PRE promoter.
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Fig. 2. Sequences of e ll base substitution mutations in the Big Blue fibroblasts grown
under (A) normoxia at pH 7.4, (B) normoxia at pH 6.5, (C) hypoxia at pH 7.4 and (D)
hypoxia at pH 6.5. Mutations are listed above the original sequence, which consists of
the 5’-upstream region, the e ll structural gene and the 3’-downstream region. Double
mutations are indicated by underlining.
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D. hypoxia + pH 6.5 (12 hours)
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C. hypoxia (12 hours)
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B. pH 6.5 (12 hours)
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Fig. 3. Frequencies of the supFG l mutations in 3340 cells exposed to hypoxia alone or
hypoxia at pH 6.5. Subconfluent cells were grown under hypoxia for 8 hours or hypoxia
at pH 6.5 for 12 hours. Following treatment, they were returned to the standard culture
condition and allowed to grow to confluence. Mutations occurring in the supFG l gene
were assayed by packaging high molecular weight mouse DNA with in vitro lambda
packaging extracts and subsequent plating on E. coli [C lacZ (amber)] in the presence of
X-gal and IPTG. Clone 1 and clone 5 are two independent clonal derivatives of 3340
cells with low background mutation frequencies. The corresponding treatment conditions
are indicated above each column. The number of supFGl mutants over the total number
of plaques scored is also listed.
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Fig. 4. Spectra of the supFG l mutations in 3340 cells treated with hypoxia alone or
hypoxia at pH 6.5. Mutations obtained from both Clone 1 and Clone 5 are shown. Base
substitutions are listed above the original sequence.

Single base pair deletions or

insertions are indicated by the symbols A or +, respectively, above the corresponding site.
The sequences containing the homonucleotide repeats are underlined. (A) Standard
conditions; (B) hypoxia for 8 hours; (C) hypoxia at pH 6.5 for 12 hours.
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Chapter 4
DNA damage Induced by Hypoxia
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Abstract
Mutations often arise as a result of metabolic damage to DNA or due to errors in
DNA replication or repair.

As a possible explanation for the effect of the tumor

microenvironment on mutagenesis, we examined the production o f DNA damage after
hypoxia treatment and reoxygenation in culture. In collaboration with Jean Cadet and
Thierry Douki in France, we measured 8-oxo-dG levels in two mouse cell lines grown in
standard condition or under hypoxia. We found that the level of 8-oxo-dG lesions was
elevated by 2- to 3- fold when cells were transiently exposed to hypoxia followed by
reoxygenation. In addition, we also observed an induction of DNA strand breakage
associated with hypoxia. Both of these lesions can mediate genetic instability. Our
results thus suggest that one mechanism by which the hypoxic tumor microenvironment
stimulates mutagenesis is via the induction of DNA damage.

69

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Introduction
In the previous chapter, we demonstrated that hypoxia and low pH, the two
features commonly associated with the tumor microenvironment, could induce mutations
in vitro. Thus, the exogenous environmental conditions, in addition to the endogenous
genetic factors, may contribute to tumor genetic instability. The mechanism by which
hypoxia and low pH conditions may promote mutagenesis is unclear.

However,

speculations could be made based on the spectra of induced mutations.

Sequence

analysis of the e ll reporter gene revealed that G:C to T:A transversions were more
prevalent among cells exposed to hypoxia compared with untreated control cells. A
classic model explaining the G:C to T:A mutation involves 8-oxo-7,8-dihydro-2’deoxyguanosine (8-oxo-dG) as the premutagenic lesion. It is well established that this
abundant form of oxidatively damaged nucleotide can mispair with dA, and as a
consequence, would lead to G to T substitutions (Cheng et al., 1992; Moriya et al., 1991;
Shibutani et al., 1993; Shibutani et al., 1991). Thus, it seems likely that cells treated with
hypoxia may have accumulated an excess amount o f 8-oxo-dG, and possibly other types
of DNA damages as well.
Tumor hypoxia has been shown to cause a variety o f disturbances in cell
metabolism and physiology. However, its possible role as a DNA damaging agent has
been overlooked. Several lines o f evidence suggest that this adverse condition may in
fact have the potential to produce damage to the genome.
1)

Cells challenged with hypoxia/reoxygenation are oxidatively stressed. This is

because the balance between oxygen molecules and electrons is lost during transition
from normoxia to hypoxia or vice versa. An imbalance between oxygen and electrons is
known to generate reactive oxygen species (ROS) (Lehninger, 1982), many of which can
cause damage to bases as well as to the sugar phosphate backbone (reviewed in (Aust and
Eveleigh, 1999)).

Relevant to this, Windischbauer et al. found a reduced level of
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glutathione in cells transiently exposed to hypoxia (Windischbauer et al., 1994).

A

decrease in radical scavengers could reflect an excessive load of intracellular ROS.
2) HAP1 is a nuclear enzyme involved in repair o f apurinic/apyrimidinic (AP)
sites in DNA. It has been reported that cells deficient in HAP1 exhibited hypersensitivity
not only to a wide range of known DNA damaging agents, but also to low oxygen tension
(Walker et al., 1994). Intriguingly, the expression of HAP1 protein was upregulated by
hypoxia.

These observations implicate that hypoxic growth conditions may have

generated AP lesions in DNA, which required the repair activity of HAP1.
3) It was shown by Coquelle et al. that hypoxia could induce fragile sites in
chromosomes and consequently trigger targeted reintegration o f double minutes
(Coquelle et al., 1998). Although the mechanism was not determined, this observation
provided direct evidence that hypoxia may generate damage to chromosomes.

In

addition, gene amplification, which is frequently observed among cells exposed to
hypoxia (Luk et al., 1990; Rice et al., 1986; Rice et al., 1987), has also been proposed to
involve chromosomal breakage (Russo et al., 1995; Stoler et al., 1992).
4) Many cell types stressed with hypoxia are found to induce p53 and to activate
the G,-phase checkpoint (Alarcon et al., 1999; Amellem and Pettersen, 1991; Graeber et
al., 1994). The exact pathway leading to p53 accumulation and cell cycle arrest has not
been worked out. However, drawing an analogy from other environmental insults which
also demonstrate similar cellular responses (eg. ionizing radiation), it remains a
possibility that the inciting signal might involve DNA damage.
Based on the above evidence, we examined whether hypoxia could induce DNA
damage using our in vitro system. Due to the increase in G:C to T:A transversions we
saw in the ell gene after hypoxia, we decided to measure the level of 8-oxo-dG in cells
subjected to hypoxia and reoxygenation. We found that cells treated this way exhibited a
2-fold increase in the amount o f 8-oxo-dG lesions compared with the control.

In

addition, we also observed an induction o f DNA strand breakage associated with
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hypoxia. Our data thus provided one explanation for the mutagenic effect of tumor
microenvironment, that is, via the induction of DNA damage by hypoxia.

Materials and Methods
Cells. Mouse LN12 cells were cultured in DMEM containing 10% calf serum donor
(Sigma-aldrich, St. Louis, MO) at 37°C in a humidified incubator with 5% CO,. Mouse
3340 cells were maintained in DMEM supplemented with 10% fetal bovine serum (Gibco
BRL Life Technologies, Gaithersburg, MD).

Hypoxia. Hypoxic culture conditions were established using a continuous flow of a
mixture of 95% N2 and 5% C 0 2 gas certified to less than 10 ppm 0 2 (Airgas Northeast,
Cheshire, CT).

Measurement of 8-oxo-dG by high-performance liquid chromatography with
electrochemical detection (HPLC-EC). Approximately 5 x 106 LN12 cells or 2.2 x 106
3340 cells were seeded per glass milk bottle. The next day, cells were either kept under
the standard culture condition or incubated under hypoxia for various amount of time.
Immediately following release from hypoxia, cells were detached from the milk bottles
with trypsin and pelleted by centrifugation. The cell pellets were frozen at -80°C and
shipped on dry ice to our collaborator in France.
DNA extraction and HPLC-EC analysis were performed by Dr. Thierry Douki in
Jean Cadet’s laboratory (Centre D ’etudes Nucleaires de Grenoble, Laboratoire des
Lesions des acides nucleiques, France). Briefly, cells were lysed, and DNA free of
proteins and RNA was isolated. Individual deoxynucleosides were released from DNA
by nuclease PI digestion followed by dephosphorylation with alkaline phosphatase.
They were then analyzed by the HPLC-EC system, which consisted o f a model 2150
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LKB pump connected to a SIL 9A autosampler equipped with an Inertsil ODS2
octadecylsilyl silica gel column.

Unmodified nucleosides were monitored by UV

absorbance at 280 nm to provide a reference. Each sample was extracted once, but
analyzed twice on the HPLC-EC system.

DNA strand breakage measurement with dUTP end labeling and flow cytometry.
Approximately 2.5 x 106 3340 mouse fibroblasts were seeded per glass milk bottle one
day prior to treatment. Subconfluent cells were exposed to hypoxia for 2, 4, 6 and 8
hours respectively.

Untreated control cells were kept under the standard culture

condition. At each time point, cells were trypsinized and counted. Approximately 2 x
106 cells per sample were fixed with 5 ml 1% paraformaldehyde in PBS on ice for 15
minutes. Fixed cells were washed with cold PBS, resuspended in 70% ice-cold ethanol,
and kept at -20°C for 2 hours. The number of cells containing DNA strand breaks was
determined with the ApopTag Fluorescein In Situ Apoptosis Detection Kit (Catalog # S7160; Intergen Company, Purchase, NY) following vendor’s protocol. Briefly, cells were
washed with PBS to remove ethanol. Each cell pellet was first equilibrated with 75 pi of
Equilibration Buffer, and then incubated in 50 pi of Working Strength TdT Enzyme at
37°C for 30 minutes.

At the end of the incubation, 1.0 ml o f Working Strength

Stop/Wash Buffer was added directly to the cell suspension. Cells were spun down and
resuspended again with 1 ml Stop/Wash Buffer, after which propidium iodide was added.
These samples were analyzed by flow cytometry to measure both fluorescein and PI
(CORE facility, Yale Comprehensive Cancer Center).

Apoptosis detection with Annexin V-FITC. 3340 cells were plated in glass milk
bottles and treated with hypoxia as described above. Apoptotic and necrotic cells in each
sample were detected with Annexin V-FITC Apoptosis Detection Kit (Cat#PF032;
Oncogene Research Products, Boston, MA) as instructed. Briefly, following hypoxic
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treatment, both adherent and floating cells were collected. Approximately O.S x 106 cells
in 0.5 ml PBS were transferred to an eppendorf tubes wrapped with aluminum foil. Cells
were stained with 1.25 pi Annexin V-FITC at room temperature in the dark for 15
minutes, after which cells were spun down and resuspended with 0.5 ml cold 1 x Binding
Buffer.

They were subsequently stained with 10 p i propidium iodide on ice.

Immediately after double staining, samples were analyzed by flow cytometry. As a
control, aliquots of cells exposed to 8 hours of hypoxia were also analyzed either
unstained, or stained with PI alone or Annexin V-FITC alone.

Results
8-oxo-dG levels were elevated in cells tre a ted w ith hypoxia/reoxygenation. To
examine whether hypoxic conditions may induce oxidative damage to DNA, we
measured the levels of 8-oxo-dG in cells subjected to hypoxic treatment. Since oxygen is
inevitably introduced upon release from hypoxia, the measurement would actually reflect
cellular DNA injury in response to hypoxia followed by reoxygenation. This situation
simulated our in vitro mutagenesis protocol in which hypoxia-treated cells were allowed
to recover under normoxia. It also mimicked in vivo tumor microenvironment where
acute hypoxia due to transient occlusion o f blood vessels or temporal fluctuation in flow
rate is frequently observed (Chaplin et al., 1987; Kimura et al., 1996). The levels of 8oxo-dG were determined by the HPLC-EC technique. In this procedure, DNA is isolated
from cells and enzymatically digested to yield free deoxynucleotides.

Released

nucleotides are separated by reverse-phase HPLC. The presence o f 8-oxo-guanine can be
detected via the coupled electrochemical method (Floyd et al., 1986).
Using HPLC-EC, we quantified the level of 8-oxo-dG in mouse LN12 fibroblasts
either grown in standard condition or exposed to hypoxia for 8 or 16 hours. Cells were
snap frozen within 15 minutes of the release from hypoxia and sent on dry ice to our
collaborators Jean Cadet and Thierry Douki in France, who performed DNA extraction
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and HPLC-EC analysis. As shown in Fig. 1A, the level o f 8-oxo-dG in untreated LN12
cells was 0.5 per 105 dG (an average of two measurements). Such a background was in
agreement with the average intracellular level of 8-oxo-dG measured with this method
(personal communication with Dr. Douki). In cells treated with 8 hours o f hypoxia,
however, the number of 8-oxo-dG was increased to 1.64 per 105dG, a 3-fold induction
above the background. A longer exposure of cells to hypoxia (16 hours) did not further
elevate the level of lesions, suggesting that the length of the hypoxic exposure was not as
critical as reoxygenation.
The amount of 8-oxo-dG was also measured in 3340 cells (Fig. IB).

The

background in these cells was a bit high (4.1 per 10sdG), indicating that some degree of
artifactual oxidation during DNA extraction may have occurred (personal communication
with Dr. Douki). Nevertheless, a similar trend was observed. Cells subjected to hypoxia
and reoxygenation had a higher level of 8-oxo-dG compared to cells grown under
standard conditions.

DNA strand breaks were induced in cells treated with hypoxia. To assess whether
hypoxia could also generate DNA breaks, we applied the ApopTag technique which is a
method of tagging chromosomal break points. Mouse 3340 cells were either kept under
the standard condition or exposed to hypoxia. At various time points, cells were fixed
and permeabilized.

Free 3’-OH termini present in DNA were end-labeled with

fluorescein-conjugated dUTP using terminal deoxynucleotide transferase. Cells were
also counterstained with propidium iodide (PI) to permit measurement of total cell DNA
as an indicator of position in the cell cycle. The result o f flow cytometric analysis was
presented in Fig. 2. The Y-axis is a measurement of fluorescein incorporation, and hence
an indicator of cellular chromosomal breakage. The X-axis represents PI staining and is
proportional to the total DNA content per cell. It appears that after 6 hours o f hypoxic
exposure, a portion of cells began to stain fluorescein-positive, indicating that a
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significant amount of DNA breaks were present in these cells (Fig. 2D). At 8 hours, the
percentage of cells stained with fluorescein was even greater (Fig. 2E). Based on DNA
content per cell (X-axis), these breaks are not limited to any one phase of the cell cycle.
Since one of the hallmarks o f apoptosis is nucleosomal fragmentation, the
observed DNA breaks could simply reflect cell death due to hypoxia rather than induced
DNA damage. To rule out that possibility, we stained these cells also with annexin V and
PI. Annexin V detects apoptosis through its binding to externalized phosphatidyl serine,
which in normal viable cells is only located on the cytoplasmic surface. Simultaneous
staining with PI allows apoptosis to be distinguished from necrosis, because PI can
penetrate the permeablilzed membranes of necrotic cells but will be excluded from the
intact membranes of early apoptotic cells. In Fig. 3, the X-axis measures annexin-VFITC, and the Y-axis measures PI. The lower-left quadrant (FITC-/PI-), lower-right
quadrant (FITC+/PI-) and the upper-right quadrant (FITC+/PI+) represent populations of
viable, early apoptotic and necrotic cells respectively.

The separation of the four

quadrants was determined by analysis of unstained and single stained cell populations
aliquoted from the 8-hour sample (Fig. 3F-G). As judged by the annexin V/PI staining, it
is quite evident that the hypoxic condition used in this experiment did not lead to
significant apoptosis. At the 6-hour time point, only 0.59% of the ceils were scored as
apoptotic, a level similar to the untreated population (Fig. 3D). At 8 hours, the number of
apoptotic cells was still minimal (1.53 %, Fig. 3E). This is in clear contrast with the
results shown in Fig. 2, where significant numbers of cells were found to be fluoresceinpositive at those time points. Because translocation of phosphatidyl serine would precede
nuclear breakdown and DNA fragmentation if apoptosis did occur, the combined analysis
of dUTP end-labeling and annexin V staining argue that the chromosomal breakage
observed in hypoxic cells was not due to apoptosis. Rather, they represent a form of
DNA damage directly associated with hypoxia.
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Discussion
In this chapter, we evaluated whether hypoxia may induce damage to DNA. We
measured the levels of 8-oxo-dG in cells exposed to hypoxia as an indicator of cellular
oxidative damage. We found that, in both LN12 and 3340 cells, there was a 2-3 fold
increase in 8-oxo-dG lesions upon hypoxia and reoxygenation. Since 8-oxo-dG has been
implicated in causing G:C to T:A transversions (Cheng et al., 1992; Moriya et al., 1991;
Shibutani et al., 1993; Shibutani et al., 1991), data presented here provides an explanation
for the previously observed mutation spectra in ell. Further, our finding suggests that the
hypoxic condition associated with tumors can not only perturb cellular metabolism and
physiology but also directly damage genomic DNA. This may constitute one mechanism
by which the tumor microenvironment may promote mutagenesis.
In our protocol, cells had to be released from hypoxia before DNA could be
extracted. Thus, the values obtained here would actually represent the levels of 8-oxo-dG
upon reoxygenation. A direct assessment of oxidative damage while cells were still
hypoxic is technically impossible. However, based on the proposed model (Lehninger,
1982), it is the imbalance between the oxygen molecules and the electrons that leads to
the formation of ROS. It is conceivable then, that during the initiation of hypoxia, when
oxygen levels are diminishing, there could also be an imbalance between O, and
electrons, which would lead to the generation o f ROS.

Consistent with this,

Windischbauer et al. found a decreased level of radical scavenger glutathione in hypoxic
cells, which may be indicative of an increased burden of intracellular oxidative stress
(Windischbauer et al., 1994). It seems likely that, in tumors in vivo, where cells are
repeatedly subjected to hypoxia/reoxygenation, oxidative damage to DNA may be more
significant than what we have observed in vitro.
Although studies addressing oxidative damage within the context o f tumor
microenvironment are scant, there have been extensive investigations on ischemic
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damages to neurons. The physiology underlying ischemia-reperfusion in these two
systems bears much resemblance. In the neuronal model, ROS have also been proposed
as a major mediator of ischemic injury (Dugan et al., 199S; Grammas et al., 1993). Most
relevant to our findings, Liu et al. (Liu et al., 1996) measured oxidative damage after
forebrain ischemia-reperfusion in Big Blue transgenic mice.

Eight DNA lesions

characteristic of DNA damage mediated by free radicals, including 8-oxo-dG, were
detected. Moreover, the frequency of mutations in the lacl reporter gene was elevated by
5-fold. O f the mutations analyzed, most were found to occur on the G:C base pair, a
result consistent with the biochemical finding. Thus, in keeping with our observation,
their work suggests that hypoxia-reoxygenation could directly cause oxidative damage in
DNA, and consequently lead to mutagenesis.
We chose to analyze the production of S-oxo-dG, because it can be selectively
and sensitively measured with the HPLC-EC technique (Floyd et al., 1986). However, it
is only one of the many lesions induced by oxygen radicals. In fact, ROS can result in
damage to all four bases as well as deoxyribose (reviewed in (Aust and Eveleigh, 1999).
In addition to 8-oxo-dG, three other lesions, i.e. 2,6-diam ino-4-hydroxy-5fomamidopyrimidine, 8-hydroxyadenine and 5-hydroxycytosine are also considered to be
premutagenic (Jaruga and Dizdaroglu, 1996; Shibutani et al., 1993).
The genetic consequence of oxidative damage may not be limited only to base
changes. Studies by Jackson et al. suggested that it might also induce replication slippage
at repetitive sequences (Jackson et al., 1998). Using a plasmid containing a synthetic
microsatellite sequence, they found that exposure of the plasmid to hydrogen peroxide
led to a significant increase in framesluft mutations at the inserted site. They proposed
that oxidative base damage could slow down the progression o f DNA polymerase,
causing duplex instability and consequent template or nascent strand dislocation.
Consistent with this idea, we previously observed an elevated frequency of one base pair
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insertion/deletion in the homonucleotide sequence of the supFG l target in cells
transiently exposed to hypoxia.
In addition, oxidative DNA damage induced by hypoxia-reoxygenation also has
the potential to induce genetic instability indirectly by altering global gene expression. It
has been shown that 8-oxo-dG can inhibit binding of transcription factors to AP-1 and
S pl sequences (Ghosh and Mitchell, 1999). Consequently, the expression of genes
bearing those sequences, including repair genes, may be reduced. Moreover, 8-oxo-dG
can profoundly alter the DNA methylation pattern (reviewed in (Cerda and Weitzman,
1997)). Promoter hypermethylation has been implicated in silencing of the mismatch
repair gene, hM LHl, in sporadic gastric, colorectal and endometrial carcinomas (Esteller
et al., 1998; Fleisher et al., 1999; Herman et al., 1998; Kane et al., 1997).
Besides 8-oxo-dG, we also observed an induction of DNA strand breakage
associated with hypoxia as judged by dUTP end-labeling. We determined that it was not
due to apoptosis, since a much earlier manifestation of apoptosis, the extemalization of
phosphatidyl serine, was not found. Similar to our Findings, Russo et al. also observed an
enhanced DNA breakage in Fischer rat embryo fibroblasts exposed to transient hypoxia,
a phenomenon which has been attributed to the expression of a novel hypoxia specific
endonuclease (Russo et al., 199S: Stoler et al., 1992). The induction o f DNA breaks
found in 3340 cells could also be due to endonuclease activity, although this remains to
be determined. Regardless of the mechanism, chromosomal breakage could mediate
genomic stability. According to the model of Wahl (Wahl, 1989; Windle et al., 1991), an
important step in gene amplification involves reinsertion o f double minutes into a DNA
breakage site. Hence, chromosomal breakage, in addition to fragile sites (Coquelle et al.,
1998) induced by hypoxia, could promote gene amplification. Such a mechanism may
also provide a potential explanation for the development o f drug resistance in hypoxic
cells (Luk et al., 1990; Rice et al., 1986; Rice et al., 1987).
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In summary, we have demonstrated that the hypoxic conditions found in tumors
are genotoxic. Both lesions found in this study, 8-oxo-dG and DNA strand breaks, are
implicated in mediating genetic instability. Our results thus suggest that one mechanism
by which the tumor microenvironment promotes mutagenesis is via the induction of DNA
damage by hypoxia.
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Fig. 1. Measurement of 8-oxo-dG in cells transiently exposed to hypoxia/reoxygenation.
Mouse LN12 cells (A) or 3340 cells (B) were exposed to hypoxia for various amounts of
time as indicated. Immediately following release from hypoxia, cells were harvested and
snap-frozen at -80°C. DNA was subsequently extracted and free deoxynucleic acids
were released by enzymatic digestion. The amount of 8-oxo-dG in each sample was
quantified with the HPLC-EC technique. The values represent the average o f two
measurements.
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Figure 1
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Fig. 2. Flow cytometric analysis of 3340 cells labeled with fluorescein-dUTP at DNA
breakpoints. Cells were exposed to hypoxia for (A) 0 hr, (B) 2 hrs, (C) 4 hrs, (D) 6 hrs or
(E) 8 hrs. Immediately following treatment, cells were fixed with paraformaldehyde and
ethanol. Fixed cells were labeled with fluorescein-tagged dUTP at free DNA ends using
terminal deoxynucleotide transferase.

Cells were also concurrently stained with

propidium iodide (PI) to determine total cell DNA. The Y-axis measures fluorescein and
is proportional to DNA breaks per cell. The X-axis measures PI, and is proportional to
the cellular DNA content.
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Fig. 3. Analysis of apoptosis in 3340 cells exposed to transient hypoxia. Cells were
subjected to hypoxia for (A) 0 hr, (B) 2 hrs, (C) 4 hrs, (D) 6 hrs, or (E-H) 8 hrs.
Approximately 5 x 10s cells per sample were stained with annexin V, followed by
propidium iodide (A-E).

Immediately after staining, cells were analyzed by flow

cytometry. As a control, aliquots o f cells exposed to hypoxia for 8 hrs were either
unstained (F), stained with annexin V alone (G) or stained with PI alone (H). The
profiles obtained from (F) through (G) were used to gauge the separation of 4 quadrants.
Within each profile, the X-axis measures PI, and the Y-axis measures annexin V. Thus,
the lower left quadrant represents unstained viable cells; the lower right quadrant
represents early apoptotic cells; and the upper right quadrant represents necrotic or late
apoptotic cells. The value in each quadrant indicates the number of cells falling into that
quadrant as a percent of the total cells analyzed.
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Chapter 5

Diminished Nucleotide Excision Repair and Elevated Mutagenesis in Cells
Exposed to Hypoxia and Low pH
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Abstract
The tumor microenvironment is characterized by regions o f fluctuating and
chronic hypoxia, low pH and nutrient deprivation. It has been proposed that this unique
tissue environment may, itself, constitute a major cause of the genetic instability seen in
cancer. To investigate possible mechanisms by which the tumor microenvironment
might contribute to genetic instability, we asked whether the conditions found in solid
tumors could influence cellular repair of DNA damage. Using an assay for repair based
on host cell reactivation of UV-damaged plasmid DNA, cells exposed to hypoxia and low
pH were found to have a diminished capacity for DNA nucleotide excision repair (NER)
compared to control cells grown under standard culture conditions. In addition, cells
cultured under hypoxia at pH 6.5 immediately after UV irradiation had elevated levels of
induced mutagenesis compared to those maintained in standard growth conditions.
Taken together, the results suggest that cellular NER functions may be impaired under
the conditions of the tumor microenvironment, causing hypermutability to DNA damage.
This alteration in repair capacity may constitute an important mechanism underlying the
genetic instability of cancer cells in vivo.
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Introduction
The nucleotide excision repair (NER) is a versatile DNA repair mechanism
primarily involved in eliminating bulky, helix-distorting DNA lesions (reviewed in
(Sancar, 1996; Wood, 1996). The prototypic NER substrates are UV-induced cis-syncyclobutane dimers (CPDs) and pyrimidine (6-4) pyrimidone photoproducts (6-4 PPs),
which are formed between adjacent pyrimidines (Friedberg et al., 199S). Other NER
substrates include bulky chemical adducts, such as large polycyclic aromatic
hydrocarbons, and interstrand crosslinks, such as those induced by cisplatin (Friedberg et
al., 1995). In addition, NER has also been implicated in removing alkyl and oxidative
base damages, although these lesions are generally not helix distorting (Satoh et al., 1993;
Satoh and Lindahl, 1994). During NER, damaged bases are excised as oligonucleotide
fragments. This general principle is evolutionarily conserved from E. coli to human.
However, the proteins involved share little homology, and the mammalian NER is
considerably more complex. So far, most of the mammalian NER genes have been
identified, and the NER process has been reconstituted in vitro using purified proteins
(Aboussekhra et al., 1995). The current model of NER begins with damage recognition
by the XPC/HHR23B complex (Sugasawa et al., 1998). DNA around the lesion is locally
unwound via the concerted action of XPA (Jones and Wood, 1993) (He et al., 1995),
RPA (de Laat et al., 1998; Wold, 1997), and the bi-directional XPB/XPD helicases (Park
et al., 1995; Schaeffer et al., 1994; Schaeffer et al., 1993). The open complex then
recruits the endonuclease activities o f XPG (O'Donovan et al., 1994) and ERCC1/XPF
(Sijbers et al., 1996), which make dual incision around the lesion, releasing a stretch of
DNA 24-32 nucleotides in length. The gap is subsequently filled by RPA, RFC, PCNA
and DNA polymerase 8 and 8 using the intact complementary strand as a template (Shivji
et al., 1995). Finally, the newly synthesized DNA is ligated by DNA ligase I (Barnes et
al., 1992). Besides the global genome NER (GG-NER) mechanism just described,
another NER subpathway called transcription-coupled repair (TCR-NER) is also present,
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in which the transcribed strand is preferentially repaired (Bohr et al., 1985; Mellon et al.,
1987). The basic steps of TCR-NER are the same as that o f GG-NER, except that
damage is recognized by the stalled RNA Polymerase II complex itself during
transcription, thus bypassing XPC/HHR23B (Mu and Sancar, 1997). The processing of
the stalled transcription complex involves CSA (Henning et al., 1995) and CSB (van
Gool et al., 1997), although the precise role o f these two proteins in TC-NER remains to
be defined.
Defects in NER proteins have been implicated in the development of three rare
recessive syndromes: xeroderma pigmentosum (XP), Cockayne syndrome (CS) and the
photosensitive form o f the brittle hair disorder trichothiodystrophy (TTD) (reviewed in
(Bootsma et al., 1998)). The clinical symptoms vary considerably among the three
disorders. Besides cutaneous photosensitivity, these patients also manifest a wide range
of neurologic and developmental abnormalities. Although the mechanisms underlying
neurologic degeneration remain unclear, the development of photosensitivity in these
patients can be attributed to deficient NER. The molecular defects o f XP are best
characterized. Seven complementation groups, designated XP-A to XP-G, have been
identified (reviewed in (Boulikas, 1996). Consistent with a role of NER in processing
UV-induced CPD and 6-4PP, XP patients are extremely sensitive to sunlight exposure.
They typically exhibit progressive degenerative alterations in skin and eyes at 2 years of
age (Bootsma et al., 1998), and develop first skin cancer at 8 years of age (Kraemer,
1997). The overall risk of acquiring skin neoplasms among XP is >1000 fold higher
compared to the general population (Kraemer, 1997). Moreover, XP patients also have
an increased risk of developing several types of internal malignancies, which may be
explained by the involvement of NER in eliminating certain chemically or metabolically
induced DNA lesions (Kraemer et al., 1984).
Given the importance o f NER in safeguarding genome, we asked whether the
tumor microenvironment might contribute to genetic instability by altering the capacity
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of cells to repair DNA damage. Using UV-induced damage as a probe, we examined the
effects of hypoxia and low pH on the NER pathway. We report here that cells exposed to
hypoxia at pH 6.5 exhibit a diminished capacity to reactivate UV-damaged plasmids
compared to control cells. Consistent with this reduction in repair, we find that cells
incubated under such conditions are hypermutable to UV damage.

Materials and Methods
C ells. 3340 is a mouse fibroblast cell line carrying in its genome 15 copies of the
XsupFGl shuttle vector DNA (Narayanan et al., 1997). The cells were maintained in
DMEM supplemented with 10% fetal bovine serum (Life Technologies, Gaithersburg,
MD) at 37°C in a humidified incubator with 5% C 0 2. RCneo is a human colorectal
carcinoma cell line. It is cultured in McCoy’s 5A medium supplemented with 10% fetal
bovine serum and 400 pg/ml G418 (Life Technologies, Gaithersburg, MD).

Low pH medium. Culture medium was acidified by supplementing the regular medium
with 25 mM HEPES and 25 mM MES (Sigma, St. Louis, MO). The acidity of the
medium was adjusted to a final pH of 6.5 with IN NaOH.

H y p o x ia .

Hypoxic culture conditions were established as described previously

(Reynolds et al., 1996), using a continuous flow of a mixture o f 95% N2 and 5 % CO, gas
certified to less than 10 ppm 0 2 (Airgas Northeast, Cheshire, CT).

Host cell reactivation (HCR) assay. Plasmid pGL3-luciferase (Promega, Madison, WI),
which encodes a luciferase gene driven by the SV40 promoter, was damaged in vitro by
exposure to 5,000 J/m2 of UVC irradiation. A P-galactosidase-expressing plasmid, pSVPGal (Promega), was used as an internal control to normalize for transfection efficiency.
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3340 mouse fibroblasts were plated in triplicate in 60 mm dishes at a density o f 3
x 10s cells/dish. The next day, they were transfected with 2 pg o f either intact or
damaged pGL3-luciferase along with 0.5 pg o f pSV-PGal using FuGENE 6 transfection
reagent, as directed by the manufacturer (Boehringer Mannheim, Indianapolis, IN).
Three hours later, medium containing the transfection mixture was removed. Half of the
dishes were replenished with fresh medium and incubated under standard conditions.
The other half received low pH medium (pH 6.5) and were placed in a hypoxic incubator.
Approximately 24 hours post transfection, cells in each dish were lysed with 600 pi
Reporter Lysis Buffer (Promega). Transient expression of luciferase and P-galactosidase
was determined by mixing 20 pi of cell extract with 100 pi of Luciferase Assay Reagent
(Promega) or 300 pi of Galacto-Star Reaction Buffer (Tropix Inc., Bedford, MA), and
reading the light emission on a luminometer.
Values of luciferase expression were normalized to the (3-galactosidase control
and averaged over the triplicates. The repair efficiency (i.e. reactivation of the damaged
plasmids by the host cells) for each condition was determined as the percentage of the
luciferase activity expressed from the damaged plasmid relative to that from the
undamaged plasmid. Standard deviation was calculated according to the Taylor series
expansion formula.

Western analysis. 3340 cells were seeded at a density of 3 x 10s cells/ 60 mm dish. The
next day, they were exposed to hypoxia, hypoxia at pH 6.5, or incubated under standard
conditions. At 24 hrs post treatment, cells lysates were harvested by lysing in 200 pi
RIPA buffer (1% NP40, 0.5% Sodium Deoxycholate, 0.1% SDS in PBS) supplemented
with protease inhibitors (Boehringer Mannheim). Protein concentrations were measured
using BCA Protein Assay (Pierce, Rockford, IL) on a microplate reader (Biorad).
Twenty mg of protein from each sample were mixed with 2x sample loading buffer
(0.125M Trizma-HCl at pH 6.8; 4% SDS, 10% P-mercaptoethanol, 20% glycerol and
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0.004% bromophenol blue) and boiled for 3 minutes. Samples were separated by 8%
SDS-PAGE and electroblotted onto Immobilon-P PVDF membrane (Millipore). The
membrane was blocked overnight at 4°C in TBST (lOmM Tris, pH 8.0; 150mM NaCl,
0.1% Tween 20) with 5 % nonfat dry milk, and incubated with polyclonal XPA antiserum
(provided by K. Vasquez) at 1: 1000 dilution for 2 hours at room temperature. After
washing three times in lx TBST, they were probed with a horseradish peroxidaseconjugated goat anti-rabbit secondary antibody (Amersham)) at a 1: 2000 dilution.
Bound antibodies were detected by incubation with chemiluminescence substrate
(Amersham) following manufacturer’s protocol. Equal loading of samples in each lane
was verified by Ponceau S (Sigma) staining.

UV mutagenesis assay. 3340 cells (8 x 10s cells/100 mm dish) were exposed to UV
light at a dose of 3 J/n r using a 234 nm germicidal lamp. Afterwards, cells were either
incubated under standard culture conditions (normoxic and pH 7.4) or exposed to
hypoxia at pH 6.3 for 24 hours. Both sets o f cells were then maintained in standard
culture conditions, and high molecular weight DNA was isolated from the cells I week
later. Lambda shuttle vector rescue from the chromosomal DNA of the mouse 3340 cells
and detection and characterization of mutations in the supFG l reporter gene were carried
out as described (Yuan et al., 1995).

Results
DNA NER is reduced under hypoxic and low pH conditions. To test the hypothesis
that the conditions o f the tumor microenvironment may compromise cellular DNA NER
process, we examined the ability of cells to reactivate a UV-damaged plasmid when
exposed to hypoxia and low pH conditions. This type o f assay, termed "host cell
reactivation" (HCR), has been employed in a variety o f studies to assess repair activities
in vivo (Jia et al., 1999; Smith et al., 1995). The advantage o f this experimental strategy
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is that the physiology of the cell, itself, is not perturbed by the DNA damaging agent.
DNA substrates containing pre-formed damage are introduced into cells, and the ability
of the cells to repair the damage in the transfected DNA is probed under various
conditions. In our experiments, plasmid pGL3-luciferase, which encodes a luciferase
gene, was damaged by UV irradiation at a dose o f 5000 J/n r. This damaged plasmid
DNA, or an equal amount of undamaged luciferase plasmid DNA, was transfected into
mouse fibroblast cells (cell line 3340) which were immediately placed under either
normal culture conditions or under the hypoxic and acidic conditions to be tested. Repair
and removal of the transcription-blocking UV lesions allows subsequent expression of
the luciferase reporter gene, which is assayed as a measure of repair. To control for
transfection efficiency in each sample, an undamaged (5-galactosidase-expressing
plasmid, pSV-(3Gal, was also included in all the transfections. Twenty-four hours post
transfection, cells were lysed, and luciferase and f)-galactosidase activities were
measured.
Under standard conditions (normoxic and pH 7.4), luciferase activity expressed
from the damaged plasmid was about 60% (68% in expt. I and 55% in expt. 2) of that
expressed from the undamaged plasmid. This indicates that a substantial amount of the
UV-generated damage present on the plasmid DNA was repaired by the host cells by the
time of assay.

However, when the cells were placed under hypoxic and low pH

conditions following transfection, the level o f luciferase expression from the damaged
plasmid relative to the undamaged control was only in the range of 30% (26% in expt. 1
and 35% in expt. 2), significantly reduced compared with the normal conditions (Fig.
1A). We also performed the HCR assay on a human cell line, RCneo, and observed a
similar decrease in the capacity of the cells to reactivate damaged plasmid under hypoxia
and low pH conditions (Fig. IB). These data suggest that cellular repair functions, at
least with respect to the NER pathway, are less efficient under the sub-optimal hypoxic
and acidic culture conditions.
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Level of XPA protein is not altered by hypoxia and low pH. To determine whether
the diminished NER under hypoxia and low pH was due to a decrease in the expression
of repair proteins, we measured the level of XPA in cells cultured under different growth
conditions using western blot analysis. Compared to cells grown in normoxia at pH 7.4,
3340 cells exposed to hypoxia alone or hypoxia at pH 6.5 for 24 hrs did not show a
reduced expression of XPA (Fig 2), suggesting that the observed decrease in repair was
either due to functional inactivation of XPA, or caused by changes in other NER proteins.

Cells exposed to hypoxia and low pH are hypermutable to UV. To examine if the
diminished NER capacity would confer hypermutability on the cells, we examined the
effect of hypoxia and low pH on UV mutagenesis. Since the mouse fibroblast cell line,
3340, used in the HCR assay carries a chromosomally integrated lambda shuttle vector
containing the supFGl mutation reporter gene, this cell line was used in the mutagenesis
experiments. Cells were exposed to UV at a dose of 3J/m2. Following irradiation, the
cells were immediately placed under either standard culture conditions or hypoxia at pH
6.5 for 24 hours. Cells were then returned to the standard conditions for 1 week of
growth in culture, and mutations occurring in the supFGl reporter gene were assayed by
shuttle vector rescue from the cell DNA. The background mutation frequency in the
unirradiated 3340 cells under the standard culture conditions was 11.8 x 10 s (Fig. 3).
Exposure to UV at 3 J/n r and growth under standard conditions produced mutations in
the reporter gene at a frequency of 28.0 x 10 s, a value 16.2 x 10 s above the level in
unirradiated cells under the same standard conditions. However, when the cells were
subjected to hypoxia and pH 6.5 immediately after UV treatment, the mutation frequency
was found to be 53.2 x 10 s, a frequency 30.4 x 10 s greater than that seen in cells treated
with transient hypoxia and pH 6.5 alone (22.8 x 10 s). These results indicate that the
extent of UV mutagenesis is greater in cells exposed to hypoxia and low pH in the
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immediate post-irradiation period (when repair would be expected to occur), as compared
to cells grown under standard conditions after irradiation.

M utation patterns. The supFG l mutations were examined by PCR amplification and
DNA sequence analysis (Fig. 4 and Table 1).

All were found to consist of point

mutations; no large deletions or rearrangements were detected. The types of mutations
from both sets of UV-irradiated cells (grown under either hypoxia and low pH or
standard conditions) were similar, with mostly C:G to T:A transitions. Both spectra are
characteristic of UV-induced mutagenesis in general and are similar to UV mutation
patterns generated in the supF reporter gene in a number of other studies carried out
under normoxic conditions (Kraemer and Seidman, 1989). Hence, exposure of irradiated
cells to hypoxia and low pH promotes hypermutability but does not cause a qualitative
change in the types of induced mutations as compared with those generated under the
standard conditions.

Discussion
In this study, we have investigated whether the hypoxic and acidic conditions
typically found in the tumor microenvironment can influence cellular NER process. We
tested the ability of cells exposed to hypoxia and low pH to reactivate a UV-damaged
luciferase reporter construct as a measure of repair.

Cells incubated under such

conditions were found to express lower levels of luciferase than did cells under normal
conditions. We interpret this difference to reflect a decrease in the DNA repair capacity
of the cells under the hypoxic and acidic culture conditions.
As a corollary to this observation, we examined the effect of hypoxia and low pH
on mutagenesis. We found that cells exposed to hypoxia and low pH for 24 hours in the
immediate post-irradiation period showed a 2-fold increase in mutation frequency
compared with the unirradiated cells under the same growth conditions. Since the
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hypoxia and low pH treatment elevated the mutation frequency even in the unirradiated
cells (a result confirming our previous work (Reynolds et al., 1996)), the fold difference
between the irradiated and unirradiated samples is about the same as seen in cells
maintained under standard conditions. However, the absolute increase in mutations due
to UV is more substantial in the hypoxia/pH 6.S treated samples. By subtracting the
mutation frequencies seen in the unirradiated cells under the same growth conditions, it
was found that the amount of mutagenesis attributable to UV in cells placed under
hypoxia at pH 6.5 was 30.4 x 10'5, almost double the mutagenic effect of UV on cells
maintained under standard conditions (16.2 x 10 s). This difference constitutes a state of
hypermutability in cells that are in hypoxic and acidic conditions. Taken together, the
above results provide a new mechanism by which the conditions of the tumor
microenvironment may promote genetic instability: dim inished DNA repair and
hypermutability to DNA damage.
In our experiments, we employed UV as a model mutagen to introduce damage
both on a plasmid and on cellular genomic DNA. Although UV irradiation is not
expected to be a physiological challenge for cells within a solid tumor, it is nonetheless
useful as a tool to probe repair and mutagenesis under selected conditions. UV-induced
lesions, primarily CPDs and 6-4PPs, are processed via the NER pathway, and so our
findings suggest diminished DNA repair bear directly on that repair pathway. By
extrapolation, however, it is likely that other repair pathways, such as base excision
repair, double-strand break repair, and mismatch repair, may also be altered by the suboptimal cellular conditions imposed by hypoxia and low pH. The influence of hypoxia
on cellular mismatch repair function will be examined separately in Chapter 6.
In the NER pathway there are at least 20-30 polypeptides involved in damage
recognition, 3'- and 5'- dual incision, and various other aspects o f the repair process
(Sancar, 1996; Wood, 1996). Our finding that cells exposed to hypoxia at pH 6.5 exhibit
a decreased capacity to repair lesions normally subject to NER suggests that the hypoxic
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and acidic environment could impair some or all of the proteins involved in the cellular
NER pathway.
It remains unclear exactly how the repair proteins might be affected by these
conditions. One possibility is that the levels of certain proteins involved in the NER may
be reduced. While hypoxia can induce the expression o f some oxygen-related proteins
(Heacock and Sutherland, 1990), generally it has a negative impact on protein
metabolism. It has been found both to decrease protein synthesis and to accelerate
protein degradation (Brown and Giaccia, 1994; Pettersen et al., 1986).

However,

immunoblot analyses did not reveal changes in the level of XPA protein after 24 hours of
exposure to hypoxia alone or hypoxia at pH 6.5. The expression of other NER proteins
under those conditions remains to be determined.
Another possibility is that the unfavorable environment may functionally
inactivate or impair the activity of many proteins, including those critical for NER. It has
been reported that the level of ATP drops rapidly after initiation of hypoxia (Heacock and
Sutherland, 1990), and as a result, may reduce the activity o f repair enzymes. An
unphysiologic pH is also likely to disturb proper protein conformation and folding and
disrupt protein-protein interactions, further compromising the ability of cells to perform
repair functions when challenged with DNA damage.
Our experiment was carried out transiently in culture with a pH of 6.5 and an
oxygen tension of < lOppm. It is important to note that such in vitro conditions do not
exactly mimic the complex and dynamic microenvironment in a developing tumor. Cells
growing in a solid tumor can be transiently or chronically hypoxic (Rockwell and
Moulder, 1990) and can be deprived o f critical nutrients (Kallinowski et al., 1988).
Oxygen tension (Reynolds et al., 1996) as well as acidity (Tannock and Rotin, 1989) also
vary spatially and temporally. In this regard, it is interesting to note that we saw only a
small decrease in repair in cells treated with hypoxia alone (data not shown). However,
when cells were exposed to a combination of hypoxia and low pH, larger differences
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were observed. This is in line with several studies reporting a synergistic effect of low
oxygen and low pH on cellular energy metabolism and cell survival (Boyer and Tannock,
1992; Rotin et al., 1986). Hence, it is not unreasonable to hypothesize that in solid
tumors in vivo, where various environmental factors may interact with one another, the
influence of hypoxia and low pH on the NER pathway may be even more important than
either factor alone.
Consistent with a diminished repair capacity, we found that exposure of cells to
hypoxia at pH 6.5 caused an elevation in UV-induced mutagenesis. Sequencing analysis
revealed that the majority of the mutations were consistent with the typical pattern of
UV-induced mutagenesis in mammalian cells, with mostly C-to-T transitions. Hence,
while we detected a quantitative increase in UV mutagenesis due to hypoxia and low pH,
qualitatively, the types of induced mutations arising in hypoxic and acidic cells were
found to be similar to those seen in cells under standard conditions.
Most UV-induced mutations are thought to arise from trans-lesion bypass
synthesis across unrepaired damage (Gibbs et al., 1998). Hence, the increase in UV
mutation frequency could theoretically arise as a result o f either diminished repair or
increased error-prone trans-lesion synthesis. We favor the former possibility, in which
the observed hypermutability is due to a reduced capacity of cells to remove DNA
damage under hypoxia and low pH, since that is consistent with our plasmid reactivation
assay data. At this point, however, we cannot completely rule out some contribution of
altered DNA polymerase activity, except to note that the pattern of mutations does not
point to any unusual or novel bypass polymerase activity.
The work presented here supports the concept that the microenvironment within a
solid tumor may be an important source of genetic instability (Reynolds et al., 1996).
Specifically, our results implicate diminished DNA repair as a possible mechanism
underlying this instability. In addition, the concept that the conditions of the tumor
microenvironment can inhibit DNA repair and consequently promote genetic instability
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provides a basis for understanding the observation that very hypoxic tumors follow a
more aggressive clinical course (Brizel et al., 1996; Brizel et al., 1997; Hockel et al.,
1996; Hockel et al., 1999).
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Table 1. Types of UV-induced base substitution mutations in the supFGl gene in 3340 cells.

Mutation

3J/m2, normoxia & pH 7.4

3J/m2, hypoxia & pH 6.5

C:G -» T:A

8

7

T:A

C:G

0

1

C:G ->• A:T

0

1

C:G -> G:C

2

1

T:A -> A:T

1

4

T:A -» G:C

0

0

+1 insertion

2

2

-1 deletion

2

0

15a

16

Total

a Double mutants were listed for both mutations separately.
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Fig. 1. Reactivation of UV-damaged luciferase expression plasmid in 3340 mouse
fibroblasts (A) and RCneo human cells (B) under standard culture conditions or hypoxic
and low pH conditions. pGL3-luciferase DNA was damaged by 254 nm UV at a dose of
5000 J/m2. Either the damaged plasmid DNA or an equal amount of undamaged pGL3luciferase was transfected into cells along with undamaged pSV-PGal DNA as an internal
control for transfection efficiency. The transfected cells were incubated under either
standard conditions (normoxic and pH 7.4) or under hypoxic and low pH (pH 6.5)
conditions 3 hours after transfection. Twenty-four hours later, cells were lysed, and
expression of luciferase was measured and normalized to the p-galactosidase control.
For each culture condition, the percentage of the luciferase activity expressed from the
UV-damaged plasmid relative to that from the undamaged plasmid was determined. The
results of independent experiments are presented, with each performed in triplicate. Error
bars indicate standard deviation from the mean.
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Figure IA
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Figure IB
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Fig. 2. Immunoblot analysis of XPA in 3340 cells grown under hypoxia and low pH.
3340 cells were incubated under standard condition (normoxia at pH 7.4), exposed to
hypoxia at pH 7.4, or hypoxia at pH 6.5 for 24 hrs. Twenty pg o f total cell lysate from
each sample were separated by SDS-PAGE and blotted with an anti-XPA antibody.
Equal loading in each lane was verified by Ponceau S staining.
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Fig. 3. Frequencies of UV-induced mutations in the supFGl reporter gene in 3340 cells
exposed to hypoxia and low pH. Cells were irradiated with 3J/m2 of 254 nm UV, and
immediately incubated either under standard culture conditions or under hypoxia at pH
6.5 for 24 hours. After one week of subsequent growth of the cells under normal culture
conditions, mutagenesis was assayed in the supF G l reporter gene using the XsupFGl
shuttle vector. For each set of culture conditions, the frequency of mutations attributable
to UV is indicated by the double-headed arrow, representing the difference between the
mutation frequency of the irradiated sample and that of the unirradiated one under the
same set of conditions. For each treatment, the number of mutant plaques out of the total
number of plaques scored is indicated at the top of each bar.
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Figure 3
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Fig. 4. Spectra of UV-induced supF G l reporter gene mutations in (A) cells grown in
normoxic conditions at pH 7.4 and (B) cells grown under hypoxia at pH 6.5. Base
substitutions are listed above the original sequence.

Single-base pair deletions or

insertions are indicated by the symbols (A) or (+), respectively, above the corresponding
site. Double mutations are indicated by the underlining.
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Chapter 6

Downregulation of Mismatch Repair Genes in Cells Transiently
Exposed to Hypoxia
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Abstract
DNA mismatch repair pathway (MMR) is involved in correcting improper base
pairing caused by errors during DNA replication, recombination, and cytosine
deamination. Given its central role in maintaining genetic integrity, we asked whether
MMR function may be altered by the conditions of the tumor microenvironment. We
compared the expression of key MMR proteins in cells cultured in hypoxic and normoxic
conditions. We found that, in both Hela and mouse 3340 cells, prolonged exposure to
hypoxia led to a significant decrease in the expression of PMS2 and MLH1 proteins, but
not MSH2 or MSH6. While down-regulation of MLH1 protein followed a decrease in
messenger RNA, the transcript level of PMS2 remained relatively constant, suggesting
that PMS2 downregulation was mediated by either a translational or a posttranslational
mechanism. Furthermore, effects seen under hypoxia can be mimicked by treatment with
the iron chelator desferrioxamine, consistent with low oxygen tension being the stress
signal. Concurrent with a reduced expression of MMR proteins, frameshift at a simple
dinucleotide repeat sequence was observed. Taken together, our results suggest that a
transiently diminished MMR due to hypoxia may be a fundamental mechanism
underlying tumor microenvironment-induced genetic instability, and it may offer an
explanation for the frequent observation of reduced MLH1 expression in many human
malignancies. In addition, this physiologic response of mammalian ceils to the stress of
hypoxia represents a conceptual parallel to the stationary phase mutagenesis seen in E.
coli, thereby constituting a new mechanism by which mammalian cells, like E. coli, may
be able to increase their mutation rate under certain adverse conditions.
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Introduction
DNA mismatch repair
The DNA mismatch repair (MMR) system plays a central role in maintaining the
integrity of genome. Its primary function is to recognize and correct improper base
pairing caused by errors in DNA replication or intermediates in recombinational
processes (reviewed in (Harfe and Jinks-Robertson, 2000)). In E. coli, this is achieved by
coordinated activities of three proteins: MutS, MutL, and MutH. MutS is an ATPase
which binds to mismatched sequences as a homodimer. It has specificities for both basebase mispairs and insertion/deletion loops o f 1-4 nucleotides in length (Parker and
Marinus, 1992; Su and Modrich, 1986). MutH is a methylation-specific endonuclease.
Upon activation, it cleaves S’ to the unm ethylated GATC sequence in the
hemimethylated duplex, thus targeting repair toward the newly synthesized strand (Welsh
et al., 1987). The coupling between the initial mismatch recognition and the downstream
processing is mediated by the activity of MutL, which interacts directly with both MutS
and MutH (Grilley et al., 1989; Hall and Matson, 1999; Wu and Marinus, 1994). The
basic function and components of MMR are highly conserved evolutionarily. With the
exception of MutH, multiple homologs of MutS (termed MSH) and MutL (termed MLH)
have been identified in all eukaryotic organisms. However, a level o f complexity has
been added in that the eukaryotic MSH proteins and MLH proteins form various
heterodimers. MSH2 can interact with either MSH3 or MSH6. The MSH2-MSH6 pair,
referred to as M utSa, binds to both base mismatches and insertion/deletion loops,
whereas the MSH2-MSH3 pair, or MutSfD, is specific for the recognition of loops
(Acharya et al., 1996; Genschel et al., 1998; Macpherson et al., 1998; Palombo et al.,
1996). Similarly, MLH1 also forms pairwise interaction with other members of the MutL
homologs (Li and Modrich, 1995; Prolla et al., 1994; Raschle et al., 1999). The complex
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between MLH1 and PMS2 (M utLa) is the major player in MMR in mammalian cells (Li
and Modrich, 1995).

MMR deficiency and cancer
Defects in MMR have been linked to human cancer. In particular, the human
syndrome of hereditary nonpolyposis colorectal cancer, HNPCC, has been associated
with germline mutations in MLH1 and MSH2, and to a less extent, with mutations in
PMS1, PMS2, and MSH6 (Bronner et al., 1994; Fishel et al., 1993; Kolodner et al., 1999;
Nicolaides et al., 1994). Individuals with HNPCC develop early-onset colorectal cancers,
as well cancers of the endometrium and other sites (Buermeyer et al., 1999; Modrich and
Lahue, 1996).

These cancers characteristically exhibit instability at microsatellite

sequences (MSI), a phenotype consistent with the underlying genetic defects in MMR
(Peltomaki et al., 1993). Besides genetic inactivation, epigenetic transcriptional silencing
of MLH1 has also been correlated with MSI phenotype in a subset of sporadic colorectal,
gastric and endometrial carcinomas, further highlighting the importance of MMR in
maintaining stability at repetitive sequences (Cunningham et al., 1998; Esteller et al.,
1998; Fleisher et al., 1999).
Knockout mouse models carrying targeted disruption of selected mouse MMR
gene homologs have been constructed, including MSH2, MSH3, MSH6, MLH1, PMS1
and PMS2 (reviewed in (Andrew et al., 2000)). Almost all, with the exception of PMS1and MSH3-deficient animals, show an increased risk o f developing internal organ
tumors, although the spectra of tumors are somewhat different from that seen in humans.
As expected, these mice demonstrate instability at repetitive sequences. Furthermore,
mutation assay in MSH2 knockout mice carrying the lacl mutation reporter gene revealed
an increased frequency of base substitutions associated with MSH2 deficiency (Andrew
et al., 1997). Such a finding is consistent with the dual role o f MMR in recognizing both
insertion/deletion loops and base mismatches, and raises the possibility that all genes, in
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addition to those containing simple repeats, can be susceptible to mutational inactivation
due to MMR deficiency, hence, can contribute to tumorigenicity.

Regulation o f the MMR system
MMR proteins were thought to be constitutively expressed. The promoters of the
hMSH2, hM LH l, hPMS2, and hPM Sl show characteristic features of housekeeping
genes with abundant CPG islands and no TATA box (Ito et al., 1999; Iwahashi et al.,
1998; Nicolaides et al., 1995; Yanagisawa et al., 1998). At steady state, there is a
hierarchy of MMR expression in normal MMR-proficient cells (Chang et al., 2000).
While hMSH2 is expressed 3 to 5 times more than hM LH l, hMLHl in turn is more
abundant than hPMS2. In general, the hMutS components are more highly expressed
than the hMutL components. The importance o f a proper balance between different
components of the MMR system is in keeping with the observation that in hMSH2deficient cells, hMSH3 and hMSH6 are nearly undetectable (Chang et al., 2000;
Genschel et al., 1998). It has been suggested that, the stability of hMSH3 and hMSH6
proteins depends on the presence of intact hMSH2. Similarly, hPMS2 also seems to be
stabilized through heterodimerization with hMLHl (Chang et al., 2000; Yao et al., 1999).
It is not clear whether the MMR system might be regulated. It has been reported
that the expression of hMSH2 protein increased by at least 12-fold when resting
peripheral blood lymphocytes and thymocytes were induced to proliferate (Marra et al.,
1996). The up-regulation of hMSH2 might reflect an increased need for post-replicative
repair in actively proliferating cells. Furthermore, when HEL cells were induced to
differentiate, hMSH2 expression decreased by 4-fold. These observations raise the
possibility that MMR function may not be constitutive. Rather, it can be modulated
according to different physiologic needs. Work in E. coli also demonstrated that MMR
might be regulated in response to environmental and developmental cues.

During

stationary phase, E. coli MMR became transiently depressed as reflected by an increased
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frequency of Lac firameshifts (Harris et al., 1997). These mutations were inhibited only
when MutL were overproduced, suggesting that MutL activity was limiting under
nutrient deprivation. Whether mammalian MMR function may also be downregulated by
environmental stress is not known. Such a possibility is particularly intriguing within the
context of the solid tumors, in which cells are constantly being exposed to various
stresses, including hypoxia, acidity and nutrient deprivation. Given the central role of
MMR in maintaining genetic stability, and given our previous observation that the
conditions of the tumor microenvironment may be mutagenic, we asked whether hypoxia
and low pH associated with tumors may diminish MMR function. Here, we report that,
prolonged exposure to hypoxia led to a significant decrease in the expression of PMS2
and MLH1, but not MSH2 or MSH6. While down-regulation of MLH1 protein followed
a decrease in messenger RNA, the transcript level of PMS2 remained relatively constant,
suggesting posttranslational destabilization of PMS2 protein. Furthermore, effects seen
under hypoxia can be mimicked by treatment with iron chelator desferrioxamine,
consistent with low oxygen tension being the stress signal. Concurrent with a reduced
expression of MMR proteins, frameshift at a simple dinucleotide repeat sequence was
observed. Taken together, our results indicate that downregulation of MMR function by
environmental stress is a phenomenon not just unique to E. coli, rather, it may also apply
to mammalian cells. Further, they suggest that a transiently diminished MMR due to
hypoxia may be an important mechanism underlying genetic instability associated with
the tumor microenvironment.

Materials and Methods
Plasmids.

The reporter construct pCAR-OF (Fig. 1) was provided by Dr. Bert

Vogelstein (Nicolaides et al., 1998). It encodes the (3-galactosidase gene driven by the
CMV promoter. The 5’ end of the fi-galactosidase gene coding region contains a 58-bp
out-of-frame poly (CA)29 tract. The enzyme activity would not be expressed unless the
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reading frame is restored via expansion or contraction o f the dinucleotide tract. pCAR(OF) also expresses Epstein Bar Virus nuclear antigen I (EBNA-1) and contains the
replication origin OriP, therefore, is able to replicate in human cells. The mammalian
expression vector GWIZ™-luciferase was purchased from Gene Therapy System (San
Diego, CA).

Cells. Hela cells were cultured in DMEM supplemented with 10 % fetal bovine serum
(Gibco BRL Life Technologies, Gaithersburg, MD) at 37°C in a humidified incubator
with 5% C 0 2. The 3340 cell is an SV-40 transformed mouse skin fibroblast constructed
in our lab (Fritzell et al., 1997). It was also maintained in DMEM with 10% fetal bovine
serum.

Hypoxia. 2.5 x 105 Hela cells or 3 x 105 3340 cells were plated in 60 mm Petri dishes
and grown to 40% confluence. These dishes were placed without lids in a circular
stainless steel chamber with a 0.5-mm thick steel lid. The set-up was placed in an
incubator at 37°C. De-oxygenation was achieved by continuous flushing of the steel
chamber with a gas mixture of 95% N2 and 5% C 0 2, certified to less than 10 ppm 0 2
(Airgas Northeast, Cheshire, CT). Cells were exposed to hypoxia for 24 hours or 48
hours. Untreated control cells were incubated at standard culture condition.

DFX treatm ent. Hela cells or 3340 cells were plated in 60 mm dishes at a density of 2.5
x 10s cells/dish or 3 x 10s cells/dish respectively. DFX (Sigma Aldrich) was directly
added to culture media with the drug diluted from a stock solution in filter-sterilized,
distilled dH20 at the indicated concentrations under normoxic conditions. Cells were
treated for 24 hours after which lysates were collected.
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Western blot analysis. Cells were washed twice with PBS, scraped into 1 ml PBS and
pelleted by centrifugation. Cell pellets were lysed in 200 pi RIPA buffer (1% NP40,
0.5% Sodium Deoxycholate, 0.1% SDS in PBS) with protease inhibitor cocktail
(Boehringer Mannheim). After 30 minutes of gentle rocking at 4°C, the lysates were
centrifuged at 10,000 rpm and supernatants were collected. Protein concentration was
measured using BCA Protein Assay (Pierce, Rockford, IL) on a microplate reader
(BioRad). Equal amounts of protein were mixed with 2x sample loading buffer (0.125M
Trizma-HCl at pH 6.8; 4% SDS, 10% P-mercaptoethanol, 20% glycerol and 0.004%
bromophenol blue) and boiled for 3 minutes. The samples were separated by 8% SDSPAGE and electroblotted onto Immobilon-P PVDF membrane (M illipore).

The

membranes were blocked overnight at 4°C in TBST lOmM Tris, pH 8.0; 150mM NaCl,
0.1% Tween 20) with 5 % nonfat dry milk, and incubated with antibodies against MLH1
(BD Biosciences, catalog # 554073; 2 pg/ml), PMS2 (BD Biosciences, catalog # 556415;
2 pg/ml), MSH2 (Oncogene Research Products, Catalog # NA27; 0.2 pg/ml) or MSH6
(BD Biosciences, Catalog #610918, 0.5pg/ml) for 2 hours at room temperature. After
washing three times in lx TBST, they were probed with a horseradish peroxidaseconjugated goat anti-mouse secondary antibody (Amersham) at a 1: 2000 dilution.
Bound antibodies were detected by incubation with chemiluminescence substrate
(Amersham) following manufacturer’s protocol.

The establishment of the hypoxic

conditions was confirmed by blotting with an anti-H IF-la antibody (BD Biosciences,
Catalog # 610958, lpg/ml) except that the lysates were not boiled prior to loading. To
verify equal sample loading, blots were stripped in a 25 ml buffer containing 5 ml 10%
SDS, 0.78 ml 2M Tris (pH 6.8) and 175 pi {3-mercaptoethanol, and re-probed with an
antibody against a-tubulin (Sigma Aldrich, Catalog # T5168, 1: 5000 dilution). Bands
were quantified by densitometry (UN-SCAN-IT software; Silk Scientific, Orem, UT).
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Northern analysis. To isolate total RNA, cells in each 60 mm dish were lysed with 1ml
TRIzol Reagent (Gibco BRL Life Technologies) and pipetted several times. The samples
were incubated at room temperature for 5 minutes and transferred to eppendorf tubes. 0.2
ml chloroform was mixed with the lysates by vigorously shaking the tubes for 15
seconds. Phases were separated by centrifugation at 12,000 x g for 15 minutes at 4°C,
after which, the upper colorless aqueous layer was carefully transferred into a fresh tube.
To precipitate RNA, samples were mixed with 0.5 ml isopropyl alcohol, incubated at
room temperature for 10 minutes, followed by centrifugation at 12,000 x g at 4°C for 10
minutes. The gel-like RNA pellets were washed with 1 ml 75% ethanol, air-dried and
eluted into water at 65°C. The concentration of RNA was determined by measuring UV
absorbance at 260 nm. The quality of RNA was judged by running 1 pg of each sample
on a 1% agarose gel and stained with ethidium bromide.
20 to 30 |ig of total RNA was concentrated by Speed Vac into a final volume of
10 pi. They were mixed with 20 pi sample buffer, heated at 65°C for 15 minutes and
cooled on ice for 2 minutes. Denatured RNA samples were mixed with 4 pi loading
buffer (50% glycerol, ImM EDTA, 0.4% bromophenol blue) and electrophoresed on 1%
agarose formaldehyde gel in 1 x MESA buffer (20mM MOPS, 5mM NaAc and 0.5mM
EDTA, adjust to pH 7.0 with NaOH). The gel was capillary-transferred to Hybond nylon
membrane (Amersham) overnight in 20X SSPE buffer and UV crosslinked.

The

membrane was prehybridized in 10 ml PerfectHyb Buffer (Sigma Aldrich) at 65°C for 3
hours. The probe to hMLHl mRNA was prepared by PCR amplification o f an hMLHl
expression plasmid using primers spanning the 5’ end of the cDNA sequence. Mouse
probes were generated by RT-PCR amplification using RNA from 3340 cells (Super
Script One-Step RT-PCR Kit, Life Technologies) with the following primer pairs:
MLH1: 5’-GCATAGCGGCGGGGGAAGTCAT-3’ (sense),
5’-CGGTTGTGGCATTGGGCAGTGTT-3’ (antisense);
PMS2: 5’-CCAAGTGAGAAAAGGGGCGTGTTATCC-3’ (sense),
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5’-CTGTCTTGAAGCGCTTGGCATTTGTG-3’ (anUsense);
Transketolase: 5’-GGAAGCCCCTCCCCAAAAACATGG-3’ (sense),
5’-ATGGCGGCCATGCGAATCTGG-3’ (antisense).
PCR products were gel purified with the GeneClean II Kit (Bio 101). 25 ng of each
fragment was radiolabeled with a 32P-dCTP by random priming, followed by purification
over a NAPS column (Gibco BRL). Radiolabeled probes were added directly to the
prehybridization buffer and hibridization was carried out at 65°C overnight.

The

membrane was washed with 2 x SSPE/0.1% SDS at room temperature and at 42°C for 20
minutes each, followed by another 20 minute wash at 42°C in 0.5 x SSPE/0.1% SDS.
Washed membrane was exposed to film in a cassette with intensifying screen at -80°C for
1 to 4 days and visualized by autoradiography and quantification by Phosphor Imager
Analysis.

0-Galactosidase assay. Hela cells were plated in duplicate in 60-mm dishes at a density
o f 2.5 x 10s Cells/dish. The next day, they were transfected with 4 pg pCAR-OF along
with 0.5 pg of gWIZ™ luciferase using GenePorter transfection reagent as directed by the
manufacturer (Gene Therapy System, San Diego, CA). Three hours later, medium
containing the transfection mixture was removed. Cells were replenished with fresh
medium and were cultured either under the standard condition or placed in a hypoxic
incubator. 48 hours after incubation, cells in each dish were lysed with 600 pi of
Reporter Lysis Buffer (Promega) and crude cell extracts were harvested. Transient
expression of (3-galactosidase and luciferase under each condition was measured by
mixing an equal amount o f cell extract with 100 p i o f Luciferase Assay Reagent
(Promega) or 300 pi of Galacto-Star Reaction Buffer (Tropix Inc., Bedford, MA) and
reading the light emission on a luminometer. Values o f (3-galactosidase expression were
normalized to the luciferase control and averaged over the duplicates.
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To directly evaluate the status of the P-galactosidase gene, the pCAR-(OF)
plasmid DNA was rescued from within the Hela cells using a modified alkaline lysis
procedure. Cells in each dish were scraped into 100 pi buffer PI (50mM Tris-Cl, pH 8.0;
lOmM EDTA; lOOpg/ml RNase A) and lysed with 100 pi buffer P2 (200mM NaOH; 1%
SDS). After quenching with 100 pi buffer P3 (3.0M potassium acetate, pH 5.5), the
lysates were extracted with an equal volume of phenol/chloroform (1:1). The upper
aqueous layer was carefully transferred to a fresh tube and mixed with 2.5 volumes of
ice-cold ethanol and 1/10 volume of 3M sodium acetate (pH 5.2) to precipitate plasmid
DNA. Pellet was washed twice in 70% ethanol, air-dried and dissolved into 10 pi water.
For transformation, 1 pi plasmid DNA was mixed with 25 pi E.coli indicator strain
DH10B and electroporated using a BioRad GenePulser (BioRad) at 25 pF, 100 Q. and 2.5
kV.

Transformed bacteria were plated on LB plates containing the chromogenic

compound 5-bromo-4-chloro-3-indolyl-P-galactoside (X-gal) and incubated at 37°C
overnight. The phenotypes of E.coli were examined and the numbers o f blue colonies
(containing in-frame (3-galactosidase gene) and white colonies (containing out-of-frame
(3-galactosidase gene) were counted.

Results
Transient exposure to hypoxia decreases expression o f MLH1 and PMS2. To
examine whether the expression of the MMR proteins may be modulated by the
conditions of the tumor microenvironment, we transiently exposed Hela cells to hypoxia.
The levels of MSH2, MSH6, MLH1 and PMS2 proteins were analyzed by western blot.
As shown in Fig. 2, at 24 hours, the expression o f these proteins in hypoxic cells was
about the same as compared to normoxic cells.

However, at 48 hours, while the

expression o f MSH2 and MSH6 remained unchanged, there was a substantial decrease in
the levels of MLH1 and PMS2 proteins in cells exposed to hypoxia (Fig 2), indicating
that prolonged hypoxic stress led to a down-regulation o f selected MMR proteins. Note
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that, in the same samples, the levels o f H IF -la were substantially increased by the
hypoxic treatment, providing a clear contrast to the decreased MLH1 and PMS2 levels
and confirming that the cells were exposed to a physiologically relevant degree of
hypoxia. Growth of cells at an acidic pH (pH 6.5) showed no such effect at either 24
hours or 48 hours (data not shown).
To determine whether hypoxia-mediated down-regulation of MLH1 and PMS2
was a more generalized phenomenon, we repeated the experiment in an SV40
transformed mouse fibroblast cell line, 3340. Similarly, we detected a decrease in MLH1
and PMS2 expression after prolonged exposure to hypoxic stress (Fig 3). The effects
observed in these cells were even more dramatic than that in Hela cells - the levels of
MLH1 and PMS2 proteins were reduced by about 7- and 5-fold respectively as estimated
by densitometry. Again, the expression o f MSH2 and MSH6 was relatively unaffected
by the growth condition.

Northern blot analysis of PMS2 and MLH1 in cells transiently exposed to hypoxia.
The decreased level of MLH1 and PMS2 proteins may reflect a reduced rate of
transcription, translation or an increased rate of protein degradation. To determine
whether the expression of MLH1 and PMS2 may be regulated by hypoxia at a transcript
level, we performed northern blot analysis. In both Hela and 3340 cells, there was a
modest decrease of MLH1 messenger RNA at the 24-hr time point (Fig 3). Since the
decrease in mRNA preceded the decline of protein, down-regulation of MLH1 seems to
be mediated, at least in part, by a transcriptional mechanism. Interestingly, in 3340 cells,
the level of mRNA for PMS2 did not change under hypoxic conditions, despite a
significant decrease in protein expression. This would imply either a translational or a
post-translational mechanism being responsible for the downregulation of PMS2 protein.
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Downregulation of MLH1 and PMS2 was also induced by treatment with DFX. It is
thought that cells detect low oxygen tension through a heme-containing sensor protein
(Goldberg et al., 1988). The hypoxic state can be mimicked by using the iron chelator
DFX. Like hypoxia, DFX can activate hypoxia-inducible factor l a (H IF l-a) (Wang and
Semenza, 1993), which stimulates the transcription of genes bearing the hypoxia
response elements (HRE) (Minchenko et al., 1994; Wang and Semenza, 1993; Wang and
Semenza, 1993).

To explore the cellular signal transduction pathway involved in

hypoxia-mediated down-regulation of MLH1 and PMS2, we exposed cells to DFX for 24
hours and analyzed protein expression using western blot. We found that treatment with
DFX exactly mimicked the effects seen under hypoxic condition — whereas the level of
MSH2 and MSH6 proteins remained stable, the expression of MLH1 and PMS2 was
again diminished (Fig. 5). Also paralleling previous findings, the level of MLH1 mRNA,
but not PMS2 mRNA, was decreased following DFX treatment (Fig. 6). These results
indicate that downregulation of MLH1 and PMS2 may be signaled through the putative
hemeprotein.

Cells exposed to hypoxia exhibited instability at a dinucleotide repeat sequence.
Cells stressed by hypoxia clearly expressed a reduced level of MLH1 and PMS2. To
address whether this quantitative change in protein expression may actually affect MMR
function, we examined the stability of a dinucleotide repeat sequence in cells exposed to
hypoxia using a P-galactosidase reversion assay. The p-galactosidase gene was modified
to contain a 58 bp out-of-frame poly (CA) tract at the 5’ end of its coding region. The
enzyme activity would not be expressed unless the reading frame is restored by
expansion or contraction at the polydinucleotide sequence. Since the plasmid encoding
the P-galactosidase gene, pCAR (OF), also expresses EBNA1 and contains OriP, it will
be replicated in human cells. Thus, replication slippage error, as an indication o f the
cellular MMR function, may be assessed by measuring P-galactosidase enzyme activity.
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We transfected pCAR (OF) plasmid into Hela and cells were allowed to replicate
either in standard condition or under hypoxia. To control for transfection efficiency, a
luciferase-expressing plasmid GWIZ™-luciferase was also included. 48 hours later, cells
were lysed, and p-galactosidase and luciferase activities were measured. As shown in
Fig. 7, P-galactosidase activity (normalized to luciferase) expressed from cells grown
under hypoxia was significantly higher than that from cells grown in standard condition
(1.8-fold increase in experiment 1 and 2.3-fold increase in experiment 2). The elevated
enzyme activity provided evidence that, in hypoxic cells, the reversion of the P*
galactosidase gene from out-of-frame to in-frame may have occurred more frequently.
To more directly assess the genetic status of P-galactosidase gene replicated in
cells grown under different conditions, we rescued the pCAR (OF) plasmid DNA from
these cells and transformed the plasmid into an E.coli indicator strain, DH10B. Bacteria
received an in-frame P-galactosidase gene would grow into blue colonies in the presence
of a chromogenic compound X-gal, whereas those with out-of-frame P-galactosidase
gene would grown into white colonies. In this way, the frequencies o f P-galactosidase
gene reversion under different growth conditions could be compared. As shown in Table
1, under normoxic condition, the frequency of blue colonies was 3.3 x 10"*. Under
hypoxia, this frequency was increased to 3.2 x 10"*, thus, providing direct evidence that
replication slippage at the dinucleotide repetitive sequence had occurred.

Since

microsatellite instability is a hallmark o f MMR deficiency, our results hence are
indicative of a diminished MMR function associated with hypoxia, and are consistent
with the observed decrease in MLH1 and PMS2 protein expression under such condition.

Discussion
To explore the mechanism underlying tumor microenvironment-induced genetic
instability, we investigated whether the hypoxic conditions typically found in solid
tumors can influence DNA MMR pathway. We found that, in both Hela and 3340 mouse
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cells, prolonged exposure to hypoxia resulted in a substantial decrease in the expression
of MLH1 and PMS2. Concurrent with a reduction in protein level, cellular MMR
function was also diminished under those conditions as reflected by the increased
frequency of frameshift mutations at a dinucleotide repeat sequence. Our results thus
implicate dim inished MMR as a possible mechanism by which the tum or
microenvironment may mediate mutagenesis.

MMR function is not constitutive
DNA MMR pathway is involved in correcting improper base pairing caused by
errors during DNA replication, recombination, and cytosine deamination. Despite its
central role in maintaining genomic integrity, whether or how it might be regulated has
not been fully explored. There is some evidence that in E. coli, MMR function is not
constitutive. Using a Lac reversion assay, it was shown that mutations generated in
starving bacteria consisted alm ost entirely o f single-base deletions in small
mononucleotide repeats (Foster and Trimarchi, 1994; Rosenberg et al., 1994). This
unique spectrum was identical to that observed in MMR defective cells (Longerich et al.,
1995), implying failure of MMR during stationary phase. Here, we employed a similar
assay to examine whether MMR function would be diminished in mammalian cells
subjected to hypoxia, a stress commonly associated with solid tumors. We found that
conversion of an out-of-frame P-galactosidase gene to an in-frame one via contraction or
expansion of the (CA) dinucleotide tract occurred more often when cells were incubated
under hypoxia versus in normoxia. Consistent with this observation, we previously also
detected a preponderance o f one base pair insertion/deletion mutations in a G:C
mononucleotide tract in mouse 3340 cells grown under hypoxic condition (Chapter 3,
Fig. 4). Although a definitive proof would require genetic complementation studies, the
observed microsatellite instabilities are indicative o f a diminished MMR function
associated with hypoxia. More importantly, our results strongly suggest that mammalian
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MMR function is not constitutive either. Just like in E. coli, in mammalian cells, this
important DNA repair pathway may also be modulated under different physiologic or
environmental settings, and thus, downregulation of MMR function by environmental
stress, whether due to nutritional deprivation (in E. coli), or oxygen deficiency (this
study), may potentially represent a generalized stress response across species.
In E. coli, diminished MMR during stationary-phase was caused by a deficiency
in MutL, since overproduction of MutL was able to suppress starvation-induced Lac
reversions (Harris et al., 1997). However, the level of MutL protein did not appear to
change under those conditions, implying that downregulation o f MMR was mediated by a
functional limitation of MutL rather than a decrease in the amount of protein. This is in
contrast to our result, where we observed a significant reduction in the expression of
MLH1 and PMS2 proteins following hypoxic exposure. Thus, although both E. coli and
mammalian cells exhibited depressed MMR function under stress, the underlying
mechanisms might not be the same. This may reflect the different nature of the inciting
stress signals, one being a deficiency in carbon source, the other being a deprivation in
oxygen. However, we cannot rule out the possibility that in our system, MMR proteins
might also be functionally impaired in addition to a drop in protein level. In fact, the
suboptimal cellular conditions associated with hypoxia are likely to inactivate many
proteins functionally, including those involved in MMR. It has been reported that the
level of ATP drops rapidly after initiation of hypoxia (Heacock and Sutherland, 1990),
and consequently, may reduce the efficiency o f ATP-requiring intermediate steps in
MMR (Blackwell et al., 1998; Gradia et al., 1999). Moreover, severe hypoxia has also
been shown to result in intracellular acidosis (Vaupel et al., 1994), which may disturb
proper protein conform ation and disrupt protein-protein interaction, further
compromising the ability of cells to perform MMR function.

In this regard, it is

interesting to note that in 3340 cells, an elevated frequency o f microsatellite instability
was observed after just 8 hours of exposure to hypoxia, at which time, a change in MMR
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protein level was not detected. Hence, during hypoxic stress, there could be multiple
ways acting in concert to downregulate cellular MMR function.

Mechanism o f hypoxia-mediated downregulation ofM L H l and PMS2
Hypoxia has been well recognized as a strong stimulus for gene expression. The
critical genes induced by hypoxia include glycolytic enzymes, growth factors and
transcription factors, many of which have important implications in tumor angiogenesis,
progression and metastasis (Sutherland, 1998).

Although not as systematically

characterized, hypoxia has also been shown to decrease the expression o f a number of
genes. For example, the expression o f thrombospondin-1, an angiogenic inhibitor, was
strongly inhibited in hypoxic glioblastoma cells (Tenan et al., 2000). Using mRNA
differential display technique, Kim et al. identified a group o f genes specifically
downregulated by hypoxia in Chang liver cells, among which include human rad21 (Sook
Kim et al., 2001). Several other genes, including tropoelastin (Berk et al., 1999),
methionine adenosyltranferase (MAT) (Avila et al., 1998), tissue inhibitor of
m etalloproteinase-1 (Warren et al., 2001), and class 3 aldehyde dehydrogenase
(Reisdorph and Lindahl, 1998), also demonstrate reduced expression under hypoxic
stress. In this study, we examined the regulation of key MMR genes by hypoxia. Our
finding that the expression level ofM L H l and PMS2 was markedly decreased in hypoxic
cells thus adds to the list of genes downregulated by hypoxia. Further, our findings
support the notion that, in addition to gene induction, gene repression may also represent
an important mode of gene regulation by hypoxia, and consequently, may contribute to
tumor development.
It is known that hypoxia can profoundly disturb cellular metabolism — it has been
shown to both decrease protein synthesis and accelerate protein degradation (Brown and
Giaccia, 1994; Pettersen et al., 1986). However, we do not think that the observed
decrease in MLH1 and PMS2 was the result o f global metabolic breakdown. In both
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Hela and 3340 cells, the expression of two other MMR proteins, MSH2 and MSH6, was
not affected, arguing that MLH1 and PMS2 were preferentially targeted by hypoxia.
Moreover, the level o f H IF -la was substantially increased by the hypoxic treatment,
providing a clear contrast to the decreased MLH1 and PMS2 levels.
We have only begun to understand the mechanism underlying hypoxia-specific
downregulation of MLH1 and PMS2. It appears that MLH1 is regulated, at least in part,
at the transcript level. Northern blot analysis revealed that the expression of MLH1
mRNA was reduced after 24 hours of hypoxia, preceding the decline in protein level,
which occurred only at 48 hours. Since northern analysis measures steady state level
mRNA, we cannot distinguish whether the drop in MLH1 transcript was caused by
decreased transcription initiation, or increased transcript degradation. Both of these
mechanisms have been shown to underlie hypoxia-mediated downregulation of
tropoelastin (Berk et al., 1999) and methionine adenosyltransferase (Avila et al., 1998),
and may likely also contribute to attenuated expression of M LH 1. Recently, it has been
found that many sporadic human cancers show decreased expression of MLH1. In some
cases, this decreased expression has been associated with hypermethylation of cytosine at
CpG sites within the MLH1 promoter (Esteller et al., 1998; Fleisher et al., 1999). We did
examine methylation of the MLH1 promoter under the conditions of our experiments in
genomic DNA from the Hela cell samples.

We have so far been unable to detect

significant changes in methylation by two different assays (either methylation specific
PCR or the COBRA assay). At this point, we cannot completely rule out a causative role
for promoter methylation in MLH1 downregulation; however, we can conclude that
extensive methylation is not required for the effect of hypoxia on MLH expression. One
model suggested by our work is that MLH1 downregulation by hypoxia in solid tumors
could serve as the initial event in a process o f gene silencing that is subsequently
augmented or reinforced by hypermethylation. Such a model provides a mechanistic
basis for the decreased MLH1 expression seen in many non-familial cancers.
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Intriguingly, the level o f PMS2 mRNA did not alter either at 24 hours or 48
hours, suggesting that the mechanism of PMS2 downregulation is different from that of
MLH I, and may possibly involve either a translational or a post-translational component.
Both MLH1 and PMS2 are homologs of the E.coli MutL protein. In vivo, they form a
heterodimeric complex called M utLa (Li and Modrich, 1995). There is some evidence
that the stability of PMS2 protein may depend upon the presence of an intact MLH1. It
has been reported that mouse tissues or human cell lines deficient in MLH1 have a
reduced level of PMS2 protein despite full expression of mRNA (Brown et al., 1997;
Chang et al., 2000; Drummond et al., 1996; Yao et al., 1999). In contrast, the MLH1
protein level appears to be relatively unaffected by PMS2 deficiency (Drummond et al.,
1996; Yao et al., 1999). Thus, the decrease in PMS2 protein level observed here is
consistent with diminished protein stability due secondary to downregulation of MLH1.
However, we cannot exclude the possibility that hypoxia may also directly regulate the
stability of PMS2 protein, or modulate the efficiency of translation.
It remains to be determined exactly how hypoxia may signal downregulation of
MLH1 and PMS2. Current model of hypoxia sensing involves a heme protein capable of
reversibly binding oxygen (Bunn and Poyton, 1996). The fact that exposure to DFX
could reproduce the effects seen with hypoxia (Fig. 5) is in keeping with such a model,
indicating that the inciting stress signal is a lack of oxygen. In our experiment, the
decrease in MLH1 mRNA occurred after 24 hours of hypoxic exposure, and a
significantly reduced level of MLH1 and PMS2 proteins was not detected until 48 hours.
This is in contrast to the kinetics o f hypoxia-mediated gene upregulation, where the
induction of most genes, such as H IF l-a and VEGF, can be observed within just a few
hours after the onset of hypoxia (Jiang et al., 1997; Wang and Semenza, 1993). Thus,
although a putative hemeprotein may initiate both gene induction and repression, the later
steps involved in the two regulatory pathways clearly diverge. It should be noted that
downregulation of genes encoding thrombospondin (Tenan et al., 2000), tropoelastin
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(Berk et al., 1999), MAT (Avila et al., 1998) and human rad21 ((Sook Kim et al., 2001)
also seemed to follow a prolonged course of exposure to hypoxia, in agreement with the
timeframe observed here.

Implications in cancer genetic instability and tumor evolution
Multiple mechanisms may contribute to tum or microenvironment-induced
mutagenesis.

In the previous chapters, we established that hypoxia and low pH

conditions could cause increased damage to DNA and compromise cellular nucleotide
excision repair activity. In this chapter, we identified a new role of hypoxia in mediating
tumor genetic instability, that is, via downregulation of MMR functions. The idea that
cellular MMR activity may be diminished under hypoxia is particularly intriguing - it
would mean that, within solid tumors where multiple hypoxic areas exit, cells may
express a mutator phenotype even in the absence of actual mutations in the MMR genes.
Whether cells or organisms might modulate their mutation rate and speed their
evolution has been a subject of debate. Evidence is emerging, however, that under
environmentally-induced stress, a transiently increased mutability which foster genetic
heterogeneity may actually confer a survival advantage. As mentioned previously, the
phenomenon of “adaptive mutagenesis” in E. coli has been well recognized (Cairns and
Foster, 1991; Foster, 1993). During starvation, a subpopulation of lac' bacteria exhibit
genome-wide hypermutation, permitting some of them to acquire lac reversion mutation
and to grow on lactose (Torkelson et al., 1997). Such a hypermutable state has been
attributed to a limited MutL function (Harris et al., 1999; Harris et al., 1997) and to the
induction of the error-prone polymerase IV (McKenzie, et al., 2001). Yeast (True and
Lindquist, 2000) and drosophila (Rutherford and Lindquist, 1998) have also been shown
to employ unique and ingenious mechanisms to create genetically heterogeneous traits
and shape their evolutionary potential.

Our finding that MMR function can be

downregulated by hypoxia is in keeping with these studies, and it raises the possibility
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that the phenomenon of stress-promoted “adaptive hypermutation” may also apply to
mammalian system. Although most random mutations are deleterious, they nevertheless
provide a fertile ground from which advantageous mutations can be selected. It has been
shown that hypoxia itself may act as a strong selective agent, favoring the cells with a
particular genetic composition, such as those that have lost apoptotic potential (Graeber
et al., 1996). Besides hypoxia, many other cardinal features associated with the tumor
microenvironment, such as acidity and nutrient deprivation, might also encourage the
accumulation of mutations which promote growth under restricted conditions.

Thus, it

seems to make sense, at least within the context of the tumor microenvironment, for
MMR to be transiently downregulated. The result presented may also help to explain
why hypoxic tumors tend to follow a more aggressive clinical course (Brizel et al., 1996;
Brizel et al., 1997; Hockel et al., 1996; Hockel et al., 1999).

131

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Table 1. Frequency o f (3-galactosidase gene reversion in ceils grown in standard
condition or under hypoxia

Growth conditions in culture"

Reversion frequency6

Mutants/total6

Standard condition

3.3 x 10“*

9/27,061

Hypoxia

5.2 x 10"*

27/52,099

0 Hela cells were transfected with 4 pg o f plasmid pCAR (OF) and grown for 48 hours
under the conditions as indicated. Following treatment, they were allowed to recover in
standard condition for 3 days.
6 Plasmid DNA was rescued from Hela cells and transformed into E. coli DH10B. The
values represent the frequency o f blue colonies over the total number o f colonies scored.
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Fig. 1 Schematic diagram of the pCAR (OF) reporter construct. The plasmid encodes the
P-galactosidase gene driven by the CMV promoter. The 5’ end of the P-galactosidase
gene coding region contains a 58-bp out-of-frame poly (CA)29 tract. The enzyme activity
would not be expressed unless the reading frame is restored via expansion or contraction
of the dinucleotide tract. The Epstein Bar Virus nuclear antigen 1 (EBNA-1) gene and
the replication origin OriP are also indicated.
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Fig. 2 Immunoblot analysis of MMR proteins in Hela cells exposed to hypoxia. Hela
cells were incubated under normoxic (N) or hypoxic (H) conditions for either 24 or 48
hrs. Twenty pg of total cell lysate from each sample were separated by SDS-PAGE and
blotted with various MMR antibodies as indicated. The establishment o f the hypoxic
conditions was confirmed by probing with an anti-H IF -la antibody. Equal loading in
each lane was verified with an anti-tubulin antibody. Arrows indicate samples in which
decreased protein expression was detected.
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Fig. 3 Immunoblot analysis of MMR proteins in 3340 cells exposed to hypoxia. 3340
cells were incubated under normoxic (N) or hypoxic (H) conditions for either 24 or 48
hrs. Twenty |Ag of total cell lysate from each sample were separated by SDS-PAGE and
blotted with various MMR antibodies as indicated. Equal loading in each lane was
verified with an anti-tubulin antibody. Arrows indicate samples in which decreased
protein expression was detected.

137

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Figure 3

3340 ceUs

24h
N

MSH2

m m
1.0

MLH1

H

48h
N

H

1.0

0.14

1.0

0.20

- *,■

0.67

pal
1.0

0.50

PMS2

mm

Tubulin

mmmmmmmrn

138

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Fig. 4 Northern blot analysis of MLH1 and PMS2 mRNA expression in cells exposed to
hypoxia. Hela (A) and 3340 cells (B) were either untreated (N) or exposed to hypoxia
(H) for 24 hours.

Equal amounts (25 pg) of total RNA from each sample were

electrophoretically separated, transferred to a nylon filter, and probed with radiolabeled
MLH1 or PMS2 cDNA fragments. In (A), equal loading was verified by staining the gel
with ethidium bromide and visualizing under UV illumination prior to transfer. In (B),
the same Alter was stripped and reprobed with radiolabeled transketolase cDNA for
normalization.
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Fig. 5 Effect of DFX on MMR protein expression in Hela and 3340 cells. Cells were
either untreated (-) or exposed to DFX (+) at a concentration of 50 |iM (3340) or 250 pM
(Hela) for 24 hrs. The expression of MSH6, MSH2, MLH1 and PMS2 was analyzed by
immunoblotting. The induction of H IF l-a by DFX was also shown. Equal loading in
each lane was verified with an anti-tubulin antibody. Arrows indicate samples in which
decreased protein expression was detected.
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Fig. 6 Effect of DFX on MLH1 and PMS2 mRNA expression in 3340 cells. Cells were
either grown in regular media (-) or treated with DFX at 50 pM (+) for 24 hrs, after
which total RNA was harvested. The mRNA levels of MLH1 and PMS2 were analyzed
by northern blotting and normalized to that of transketolase.
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Fig. 7 P-galactosidase activity in Hela cells grown under normoxic or hypoxic conditions.
Four pg of pCAR-OF plamsid were transfected into Hela cells along with 0.5 ng of
gWIZ™ luciferase. Three hours later, medium containing the transfection mixture was
removed. Cells were replenished with fresh medium and were cultured either under the
standard condition or placed in a hypoxic incubator. 48 hours after incubation, cells were
lysed and the activity of P-galactosidase and luciferase under each condition was
measured.

Values of (3-galactosidase expression were normalized to the luciferase

control and averaged over the duplicates. The results of two independent experiments are
presented. Error bars indicate standard deviation from the mean.
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